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Soft materials are ubiquitous in every aspect of our daily life. These materials 
composed of a wide range of subfields including surfactants, foams, emulsions, pastes, 
slurries, polymers, gels, and colloidal suspensions. In recent years, there has been a great 
interest focusing on the understanding of the macroscopic properties of various types of 
soft materials as a function of their microstructures. For example, the structure-property 
relationship of physically-associating triblock copolymer gels can be controlled by 
selecting different types of solvents and changing the temperature. In these systems, 
gelation occurs due to the significant changes in the solubility of one or more of the 
blocks with temperature compared to the other blocks. Therefore, changing the 
temperature can lead to the structural transitions and macroscopic properties. The other 
strategy that can be used to modify the macroscopic performance of polymer gels is 
through the incorporation of nanoparticles, such as graphene nanoplatelets and nanotubes. 
The addition of nanoparticles can also affect the mechanical properties of concentrated 
suspensions in which, understanding the structure/flow properties is vital for processing 
and manufacturing of a product. Despite significant advances in the field of soft 
 
 
materials, our understanding in linking the structure-property relationships of polymer 
gels and concentrated suspensions is incomplete. 
With this perspective, in this dissertation, shear-rheometry and scattering 
techniques were used to understand the structural changes of the self-assembled triblock 
copolymer gels over a wide length-scale and broad temperature-range. Graphene 
nanoplatelets have been incorporated into this system to investigate the self-assembly 
behavior and mechanical properties as a function of graphene concentration. On the other 
hand, in concentrated suspensions of functionalized nanoparticles in a low-molecular- 
weight polymeric media, the effect of nanoparticles on the rheological properties were 
investigated. The present work provides a better understanding of the nanoparticles’ 
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1.1 Soft Materials 
Soft matter consists of a wide range of materials including colloidal suspensions, 
paints, pastes, emulsions, gels, foams, and liquid crystals.1 These materials are becoming 
important as functional materials due to their dynamic nature which results in their 
response to various stimuli such as temperature, pH, and electric/magnetic fields. One of 
the common characteristics of soft materials is their large and nonlinear response to weak 
forces. Another important feature of these materials is their slow response to external 
stimuli. For example, the response time in polymer solutions and colloids is significantly 
larger than simple liquids.2 Ideal solids deform proportional to the imposed load and 
maintain their initial state upon load removal. On the other hand, ideal liquids display 
irreversible flow and dissipate the applied energy.3 Soft materials do not fall within the 
classical material categories as liquids or solids. Their hierarchical structure results in the 
viscoelasticity or time-dependent deformations under applied stresses.4,5  
The large deformations of soft materials subjected to weak forces make them 
suitable for a wide variety of applications such as actuators, drug delivery, tissue 
engineering and microfluidic devices.6 Therefore, understanding the deformations of 





Furthermore, a fundamental knowledge of the structure-property relationship is needed 
for different applications.  
1.1.1 Polymer Gels 
Gels are three-dimensional networks of polymers swollen with a large amount of 
solvent.7 Polymer gels are soft materials having both the cohesive properties of solids and 
diffusive properties of liquids.8 Although, there is a large amount of solvent in polymer 
gel networks, they exhibit a solid-like behavior, resulting from the solvent trap in the 
polymer network.8 Crosslinking of the polymer network via either chemical (covalent 
bonds) or physical (hydrogen bonding, ionic interactions, phase separated microdomains 
and crystalline regions) lead to the stability of the polymer network. 
Polymer gels are classified based on the nature of their crosslinked networks as 
chemical gels and physical gels.  
1.1.1.1 Chemical Gels  
The network in chemical gels is based on permanent covalent bonds.9 These gels 
can be produced by crosslinking polymer chains or small molecules to synthesize 
macromolecular networks.10 The macro inhomogeneities of the polymeric topological 
structures created by the network crosslinking result in their weak mechanical strengths.11 
Poly (acrylamide) gel is one of the examples of the chemical gels, forming by random 
polymerization of acrylamide monomer by using the crosslinking agent and free radical 
polymerization initiators.12 Condensation, vulcanization, and addition polymerization are 





1.1.1.2 Physical Gels 
Physical gel networks consist of crosslinking junctions that form by physical 
interactions. The weak physical interactions such as hydrogen bonding, van der Waals 
forces and 𝜋 − 𝜋 stacking result in the network formation. The solvent quality plays a 
significant role in the self-assembly of physical gels. These gels can dissociate by 
changing the temperature, pH, light, solvent composition, and applying shear and 
elongation.3 The dynamic nature of these gels make them as suitable candidates for a 
wide range of applications including sensors, actuators, and biomedical fields.13 
Although there are a number of studies on polymer gels in water (hydrogels), 
here, the gel formation in organic solvents (organogels) is investigated here. The self-
assembly of the copolymer and the gel formation in many organic solvents occur due to 
the strong temperature dependency of the Flory interaction parameter (χ) between one of 
the blocks and the solvent. The interaction between the polymer and solvent is 
responsible for the polymer chain conformations.14 The dependence of the Flory 




AT   (1.1) 
The terms A and 
T
B
 demonstrate the entropic and enthalpic contributions in 
interaction parameter. For positive values of B, χ decreases with increase in temperature. 
In these systems, there is an upper critical solution temperature (UCST) in which the 
mixture is stable and homogeneous above that. Below that temperature, the phase 





solvent is a good solvent and the chains expand from their unperturbed states and 
maximize their interactions with the solvent. For 5.0 and 5.0 , the solvent is 
considered as the theta solvent, and poor solvent, respectively. The polymer chains adopt 
unperturbed dimensions in theta solvent and, minimize their interactions with the solvent 
in poor solvent.15 For example, in poly(methyl methacrylate)-poly(tertbutyl acrylate)-
poly(methyl methacrylate) triblock copolymer  [PMMA-PtBA-PMMA] gel in 2-ethyl-1-
hexanol, the UCST was reported ~80 °C for PMMA blocks. Thus, the aggregate 
formation of end-blocks is not expected above this temperature.15 
On the other hand, the interaction parameter decreases with decreasing the 
temperature for B<0. The critical temperature, in this case, is known as lower critical 
solution temperature (LCST) in which the phase separation occurs upon heating.3 
Poly(N-isopropylacrylamide) (PNIPAM) and poly(N,N-diethylacrylamide) (PDEAM) are 
two prominent examples of systems with LCST ~ 32 °C and 33 °C, respectively. In 
thermoresponsive hydrogels like PNIPAM, the phase separation was attributed to the 
abrupt macromolecular transitions from hydrophilic (extended coil conformation) to 
hydrophobic (collapse state) with increasing the temperature.16   
Symmetric ABA triblock copolymers form gels in selective solvents for mid-
blocks or end-blocks. An example of the ABA physical gel in a mid-block selective 
solvent is acrylic triblock copolymer gel comprises of poly(methyl methacrylate)- poly(n-
butyl acrylate)- poly(methyl methacrylate) [PMMA-PnBA-PMMA] in 2-ethyl-1-hexanol 
or butanol. In this system, a decrease in the temperature leads to the formation of end-





temperature results in the solvent ejection from the end-block aggregates. The 
dissociation of these end-blocks occurs upon temperature rise. These gels have exhibited 
strain-stiffening response at large deformations similar to biological tissues.17 This 
behavior has been related to the finite extensibility of the mid-blocks that are connecting 
the end-block aggregates.17–19  
Styrenic triblock copolymers are another example of ABA triblock copolymers 
that form thermoplastic elastomer gels (TPEGs) in mid-block selective solvents. The 
triblock copolymer of styrene-ethylene/butylene-styrene (SEBS) forms a gel in 
hydrocarbon mineral oil at ~150 °C.20 However, at room temperature, polystyrene blocks 
are frozen and act as hard-glassy domains for poly(ethylene/butylene).3 The advantages 
of TPEGs over other physical gels are related to their facile processing, low modulus and 
a high extensibility up to the strain of 2000%.21  
On the other hand, pluronic is one of the examples of ABA type triblock 
copolymer that forms a gel in end-block selective solvents. Pluronic gels comprise of 
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) [PEO-PPO-PEO] and 
water. PPO chains form micelles upon increase in temperature due to their 
hydrophobicity, while PEO chains remain in their solvated state because of their 
hydrophilic nature in all temperatures. The solvated state of PEO chains over the whole 
temperature ranges has been attributed to the similar oxygen-oxygen inter-distance 
between the PEO chains and water, resulting in a good structural fit between the polymer 





1.1.2 Network Modifiers 
1.1.2.1 Organic and Inorganic Nanoparticles 
Various approaches have been studied in the literature to improve the toughness, 
strength, and durability of the polymer gels. The nanocomposite gels consist of 
polymer/nanoparticle networks. The mechanical strength of nanocomposite gels can be 
improved with the incorporation of various types of nanoparticles.23 The incorporation of 
nanoparticles improve the toughness, strength, and swelling/de-swelling properties of the 
gels.24–26 The nanoparticles can also act as physical cross-linkers and lead to the gel 
formation without the addition of crosslinking agents.27  
Graphene as an organic two-dimensional carbon nanoplatelets have attracted a lot 
of interest because of their extraordinary electrical, mechanical and thermal properties. 
These nanoparticles have a wide range of applications such as nanoelectronics devices 
and sensors.28 Graphene oxide is the oxidized form of graphene having oxygenated 
defects. The functional groups on these platelets make them suitable for covalent and 
non-covalent interactions.29 The enhancement in storage modulus and the toughness of 
poly (acrylamide) hydrogels was reported with the addition of graphene nanoplatelets.27  
In addition, carbon nanotubes with their unique properties including their high 
aspect ratios, elastic moduli, electrical, and thermal conductivities have attracted a lot of 
interest. The small dimensions of carbon nanotubes result in their high surface area and 
great interactions with polymer matrices. The mechanical strength of carbon nanotubes 
which is on the order of several gigapascals makes them as impressive reinforcing 





gels at high temperatures. This result was attributed to the higher mobility and contacts 
between the nanotubes.31  
Although there are a lot of studies on the effect of graphene, graphene oxide and 
carbon nanotubes on mechanical properties of nanocomposites, the effect of these 
particles on mechanical properties of soft materials such as polymer gels and fluids is not 
well-understood. A good dispersion of these particles into a liquid phase is required to 
enhance the abovementioned performances.32 
1.1.3 Thermoplastic Elastomer Processing 
Different shapes of polymers can be obtained using additive manufacturing 
techniques. Additive manufacturing techniques have the advantages of making complex 
shapes at low costs with a customizable design. Additive manufacturing (3D printing) has 
been utilized to print the preliminary structures of cars, airplanes, guns, dental implants 
and prosthetics.33 The term additive attributes to the fabrication of different structures by 
adding materials in layers. Using this technique enables us to have a precise control on 
shapes, dimensions and density of the structure.34 Furthermore, this technique is also used 
to create quick structures which can be used as the basis models to make final products or 
designs. Using this technique enables us to create less amount of wasted materials and 
utilizing most of them.  
Fused diffusion modeling (FDM) is one of the techniques to print various 
customized structures by using thermoplastic polymer filaments.35 The filament passes 





µm) is obtained during the printing process.35 Extrusion of polymers is the method that is 
used to make filaments by moving the materials through a heated barrel and a die by 
rotating the screw. The final shape of the polymer is taken from the die.36 After the print 
of every layer, it hardens and attaches to the other layers. Different types of materials 
such as powders, filaments, granules, and pellets can be used for printing.37 To extrude 
thermoplastic polymer and make filaments, the polymers are required to be molten and 
soften before the extrusion.38  
Maintaining the shape and mechanical strength of the printed structures after 
prolonged immersion time in the solvent is important in biomedical fields.39 This can be 
achieved by crosslinking the network under ultra-violet (UV) irradiation by using UV 
crosslinking initiators.38 For example, in SEBS triblock copolymer gel, the first network 
forms based on the self-assembly of glassy polystyrene blocks and the second network 
can be obtained under UV light by the addition of crosslinking initiator.38 
Despite the tremendous evolutions on 3D printing, printing of rubbery polymers is 
still challenging due to warping of the polymers. Hence, a balance between the different 
parameters which result in the polymer flow properties is required to obtain high-quality 
structures.  
1.1.4 Suspensions 
Suspensions have attracted a significant interest in our daily life. Blood, ink, 
paint, and cement are some of the examples of suspensions displaying non-Newtonian 





The shear viscosity changes of a Newtonian solvent with the addition of spherical 
particles can be predicted by  = s (1 +2.5), where s and  denote the shear viscosity 
of the suspending medium and the particle volume fraction, respectively.41 The validity 
of this formula has only been confirmed for dilute suspensions. Increase in particle 
concentrations results in hydrodynamic interactions, long-range order, and the non-
Newtonian behavior. Batchelor has shown that the viscosity of the suspensions with 
hydrodynamic interactions by  = s (1 +2.5 +6.2
2).40  
For non-Newtonian fluids, the viscosity is shear-rate dependent. An example of a 
non-Newtonian fluid is the suspension of the hydrophilic fumed silica nanoparticles in 
hydrophilic polymers and short-chain alcohols.42 Fumed silica is amorphous silicon 
dioxide obtained by combustion of silicone tetrachloride. These particles are highly 
reactive due to the existence of silanol groups on their surfaces. They have a wide use in 
different industrial applications as reinforcement of elastomers and thickening of the 
liquids.43 The high surface energy in silica nanoparticles leads to difficult processing 
behavior due to strong particle-particle interactions.44 Therefore, proper mixing of silica 
nanoparticles is important. In fumed silica suspensions, shear-thinning occurs at low 
shear rates due to the particle rearrangements under flow. Further increase in the shear 
rate results in shear-thickening. The simulation studies have shown that the shear-
thickening results from the formation of particle clusters in a close proximity to each 
other under applied shear.45  
 Various parameters affect the shear-thickening responses, including the 





solvent and particles, and the solvent viscosity.46 The effect of particle shapes on the 
rheological behavior of the shear-thickening fluids is shown in Figure 1.1. As it is 
observed, anisotropic nanoparticles with high aspect ratios contribute much more in 
shear-thickening compared to other shapes. It has been shown that anisotropic 
nanoparticles like CaCO3 trigger the shear-thickening behavior at much lower solid 
contents.47 This was attributed to the higher probability of particle contacts with larger 
aspect ratios under shear-rates.  
 
 
Figure 1.1 Effect of  particle shapes on viscosity of shear-thickening fluids.48 
 
The instantaneous viscosity rise in shear-thickening fluids is beneficial for the 
design of damping devices, machine mounts and ballistic protection in soft-body armor 





and the sudden accelerations in the joints in medical equipment.49 However, this 
phenomenon could be detrimental to drilling fluids and causes processing equipment 
damages.46,50 Therefore, controlling the flow behavior and structure of these suspensions 
is necessary to mitigate any damages on equipment, and for the quality of the 
manufacturing products. 
1.2 Characterization of Soft Materials 
The microstructural and mechanical behavior of soft materials can be studied by 
using various techniques including scattering methods and dynamic rheology under 
oscillatory shear.  
1.2.1 Mechanical Behavior 
Rheology is the science of the deformation or flow of materials under certain 
conditions. The viscoelastic behavior of soft materials can be examined by dynamic 
rheology. In this method, an oscillatory shear strain,    tt  sin0 is imposed on the 
material. Here, ,
0 and t are oscillation frequency, strain amplitude and time, 
respectively. At small oscillation amplitude, the single-harmonic sinusoid is sufficient to 
capture the linear viscoelastic regime. Therefore, the linear-regime responses can be used 
to find elastic and viscous states in terms of dynamic moduli (G and G), viscosities ( 
and ), and the phase difference between in-phase and out-of-phase components.51 At 
small deformations, the material’s microstructure does not change significantly. It has 
been shown that the first-harmonic coefficients and linear viscoelastic responses at small 





These coefficients can be also misleading in some cases since higher harmonics can also 
contribute to storing and damping of the energy.  
The non-linear viscoelastic behavior can be studied by increasing the independent 
variables such as strain amplitude or frequency.52 Fourier series are used to characterize 
the non-linear behavior of viscoelastic materials at large amplitude oscillatory shear 
(LAOS). Using Fourier series, the stress response can be written as 
           
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n  as the nth harmonic 
components.52  
        LAOS enables us to change the frequency and oscillation amplitude 
independently and map the intra-cycle and inter-cycle phase space known as Pipkin 
space.53 In the linear viscoelastic regime, n=1 and only the first harmonic is considered. 
However, at larger strains, higher odd harmonic contributions appear.52 In non-linear 
regime, Chebyshev coefficients of en and n are used to characterize the elastic and 
viscous responses. For example, e3 > 0 and e3 < 0 represents the intra-cycle strain 
stiffening and strain softening, whereas 3 > 0 and 3 < 0 describes the intra-cycle shear- 
thickening and shear-thinning.52 
Simple shear rheological investigations can only capture the viscosity as a 





elastic contributions change/evolve as a function of shear or strain-rate. In other words, 
higher harmonic contributions obtained from LAOS measurements can provide 
additional insights to understand the microstructure and mechanisms leading to nonlinear 
viscoelastic response. Lissajous-Bowditch curves were used to investigate the material 
stress responses to LAOS.54 In the linear viscoelastic regime, the LAOS data appears as 
an ellipse with two mirror planes. In nonlinear viscoelastic regime, the response will lose 
its mirror planes.52   
1.2.2 Structural Analysis 
Scattering techniques are well-established methods to probe the nanometer scale 
structures and the inhomogeneities in various materials. Small angle neutron scattering 
(SANS) technique is conducted in reciprocal space in contrast to the real space in 
microscopy and it covers small angles between 0.2 º to 20 º. This technique has found a 
wide range of applications in various fields including polymer science, biology, colloids, 
and chemistry. Figure 1.2 shows the experimental setup of SANS measurements.55  
One of the main advantages of SANS over other scattering techniques is related to 
the contrast enhancement using deuteration method. The significant difference between 
the scattering length density of the hydrogen and deuterium is the basis for deuterium 
labeling which is comparable to the staining in electron microscopy. There are some 
disadvantages in SANS compared to small angle x-ray scattering (SAXS) technique, 
including its high cost and low flux compared to synchrotrons as x-ray sources. 






Figure 1.2 Schematics of SANS setup.55 
  
1.2.3 Thermal Behavior 
Differential scanning calorimetry (DSC) is a technique to capture the change in 
the heat flow rate difference to the sample and reference under imposed controlled 
temperature.57 This technique can be used to investigate the thermal transitions of 
materials. For example, DSC was used to capture the thermal transitions in a poly(methyl 
methacrylate)-poly(tertbutyl acrylate)-poly(methyl methacrylate) triblock copolymer  
[PMMA-PtBA-PMMA] gels in 2-ethyl-1-hexanol after aging the samples. The time-
dependent thermal transitions such as endothermic peaks and their magnitudes were 
investigated. Using this technique provides the information regarding the glass transition 





1.2.4 Characterization of Soft Materials 
Transmission electron microscopy (TEM) was developed due to limitations in 
image resolutions using light microscopes. TEMs can be used to characterize the 
materials with sizes over the ranges of nanometer up to micrometer sizes. There are some 
limitations associated with TEM technique including the sampling, interpreting 
transmission images, electron beam damage, and specimen preparation. For example, by 
using the TEM, it is only possible to look at the small parts of the specimen and it can 
damage the sample due to the detrimental effect of the radiation. Furthermore, a thin 
layer of the sample is needed for TEM.58 The morphological characterization of a 
poly(styrene-block-isoprene-block-styrene) (SIS) and poly[styrene-block-(ethylene-alt-
propylene)-block-styrene] (SEPS) gels in mineral oil have been investigated by using 
TEM. The TEM images have shown the transition from micellar to cylindrical and 
lamellar morphologies with a decrease in the copolymer concentration.59  
 Another characterization tool is atomic force microscopy (AFM). One of the 
advantages of AFM over microscopy techniques is its ability to provide a three-
dimensional surface profile. AFM can be performed in contact and non-contact modes. 
The effect of temperature on the phase behavior of poly(styrene-b-(ethylene-co-
butylene)-b-styrene) (SEBS) gel in midblock selective mineral oil was investigated by 
using AFM technique. The phase image contrast of styrene spherical domains in 50 wt% 






Fourier transform infrared spectroscopy (FTIR) is another technique to analyze 
the interactions of the infrared light with the matter to analyze the molecular structure of 
materials. FTIR peaks correlate with the molecular structure and denote the significant 
amount of light that has been absorbed by the sample at specific wave numbers. One of 
the advantages of this technique is its sensitivity to capture many molecules due to their 
strong absorbances in mid-infrared regime.61 FTIR was used to study the effect of various 
parameters including the temperature changes, solvent and particle content on shear 
thickening behavior of fumed silica suspensions in poly(ethylene glycol) (PEG). The 
hydrogen bonding between the silanol groups on fumed silica surface and PEG molecules 
was shown by using FTIR technique.62 
1.3 Our Research Outline  
The goal of our research is to investigate the structure-property relationship of 
soft materials including polymer gels and complex fluids with the incorporation of 
nanoparticles.  
Chapter 2 describes the self-assembly and rheological behavior of poly(methyl 
methacrylate)–poly(n-butyl acrylate)–poly(methyl methacrylate)  [PMMA–PnBA–
PMMA] in a midblock selective solvent, 2-ethyl-1-hexanol. The self-assembly behavior 
of physical gels and the effect of such an assembly on the mechanical properties are of 
significant interest. Shear rheology is used to investigate the change of mechanical 
properties as a function of graphene concentration. Graphene nanoplatelets affect the self-





no significant increase of modulus was observed with the incorporation of graphene, as 
typically observed in polymer nanocomposites. This indicates that the graphene 
nanoplatelets are not actively participating in load-bearing, i.e. the platelets are not 
elastically active. A small change of relaxation time in graphene containing triblock 
copolymer gels has been observed, as captured by stress relaxation experiments.  
Chapter 3 comprises of the rheological properties and microstructure of [PMMA–
PnBA–PMMA] in mid-block selective solvents, 2-ethyl-1-hexanol and n-butanol. Gel 
formation resulting from end-block associations, and the corresponding changes in 
mechanical properties have been investigated over a temperature range of −80 °C to 60 
°C, from near the solvent melting points to above the gelation temperature. Shear-
rheometry, thermal analysis, and small-angle neutron scattering data reveal formation and 
transition of structure in these systems from a liquid state to a gel state to a percolated 
cluster network with decrease in temperature. The aggregated PMMA end-blocks display 
a glass transition temperature. 
Chapter 4 is devoted to the rheological behavior of hydrophilic fumed silica 
suspension in poly(ethylene glycol) (PEG) with the addition of surface-functionalized 
multiwall carbon nanotubes (MWNTs) and graphene oxide nanoplatelets (GONPs). In 
these mixed-particle suspensions, the concentrations of MWNTs and GONPs are much 
lower than the fumed silica concentration. The suspensions are stable and hydrogen-
bonded PEG solvation layers around the particles inhibit their flocculation. Fumed silica 
suspensions over the concentration range considered here display shear-thickening 





ratios, the shear-thickening behavior diminishes. In contrast, a distinct shear-thickening 
response has been observed for the GONP-containing suspensions for similar mass-
fractions (MFs) of MWNTs. For these suspensions, shear thickening is achieved at a 
lower solid MFs compared to the suspensions consisting of only fumed silica. A 
significant weight reduction of STFs that can be achieved by this approach is beneficial 
for many applications. 
In chapter 5, the rheological behavior of concentrated fumed silica suspensions in 
PEG in non-linear viscoelastic regions have been investigated. The suspensions consist of 
various mass fractions of monodisperse fumed silica particles in PEG. LAOS provides 
the information about the microstructure by using the rheological response. The intra-
/inter cycle nonlinearities, strain-stiffening/softening, and shear-thinning/thickening were 
investigated in our research work.  
In chapter 6, we report the characterization and possible processing routes for 
three-dimensional printing of SEBS triblock copolymers. The effect of benzophenone 
content as UV crosslinking initiator and irradiation time on swelling behavior of these 
samples were explored.  It was found that the increase in benzophenone content and 
curing time result in crosslinking of SEBS triblock copolymer, and a decrease in swelling 









EFFECT OF GRAPHENE ON SELF-ASSEMBLY AND RHEOLOGICAL BEHAVIOR 
OF A TRIBLOCK COPOLYMER GEL 
2.1 Introduction 
The addition of nanomaterials in a polymeric matrix can result in the 
improvement of mechanical properties, thermal and electrical conductivities.63 It is often 
possible to render a nanocomposite multifunctional by selecting nanoparticles of suitable 
functionalities and by controlling the hierarchical structure from the nano to micro 
scale.64,65 A similar level of (multi) functionalities can be achieved in gels and hydrogels 
but such attempts have been limited. Selecting nanoparticles with desired functionalities 
and then incorporating these nanoparticles in polymer gels can potentially result in 
materials with novel and interesting properties.27,31,66  
A typical polymer gel consists of two phases, polymer and solvent. The nanoparticles can 
have different affinities to these phases and can preferentially interact with one of these 
phases. Such interactions can result in a different gel structure  particularly for the 
physical gels  compared to that of the pristine gel without nanoparticles. Similar to 
polymer nanocomposites, changes in gel structure expect to result in change of properties. 
Here, we report the effect of addition of few layers graphene on the self-assembly behavior 
and mechanical properties of a physically associating gel.  
 In a gel or swollen polymer network, polymer strands are connected at the junctions 





strands per unit volume.67 If nanomaterials are incorporated in a gel, the added 
nanomaterials can be a part of the network in different ways. For example, these 
nanomaterials can act as crosslinkers or can themselves form a percolation network.27,68 
For example, a poly (n-isopropylacrylamide) (PNIPA) hydrogel with nanoclay as a 
crosslinker displays improved mechanical strength and extensibility compared to the gels 
without nanoclay and prepared by free-radical polymerization.69,70 The improved 
properties of these gels was attributed to the way the polymer chains are connected to the 
clay particles.69,70  
Similar trend has also been observed in graphene containing polyacrylamide gels. 
Das et al. have investigated the effect of pristine graphene on mechanical properties of 
polyacrylamide hydrogels. The addition of graphene resulted in increase of modulus in 
comparison to a gel without graphene. In this study, high molecular weight 
polyacrylamide was used as a stabilizer for graphene preparation. These long polymer 
chains can wrap around the graphene nanoplatelets or physisorbed on the graphene 
surfaces.27 During the gelation process, the polymer chains present in water can entangle 
with the polymer chains associated with the graphene nanoplatelets. As a result, the 
graphene nanoplatelets become part of the network. During mechanical deformation 
process, both polymer chains and graphene platelets participate in load bearing. This 
phenomenon results in increase of modulus. At higher strain, the polymer chains 
gradually disentangle, as manifested by step responses of stress-strain curves.   
Gelation process of two-dimensional nanoparticles in a solvent can take place 





solution of graphene oxide nanoplatelets for a concentration of as low as 0.05 wt% can 
form gels.68,71  
Recent literature shows importance of graphene because of their remarkable 
electronic, thermal, and mechanical properties.72 The unique properties of graphene 
motivates us to incorporate it in a physically associating thermoreversible gel, in which a 
viscous  polymer solution forms a gel with the decrease of temperature.15,17,18,73,74 The 
thermoreversible nature of the gel allows us to integrate the graphene nanoplatelets in the 
liquid phase and as the sample is cooled, the nanoplatelets be part of the gel network. It is 
anticipated that the addition of graphene will make these gels electroactive. 
Efficient exfoliation of graphene from graphite flakes is a significant challenge 
because of 𝜋 − 𝜋 stacking of the graphene layers.75 Liquid phase exfoliation,75 
micromechanical cleavage,76 chemical vapor deposition,77 and epitaxial growth on SiC 
substrates78 are the most common methods for graphene production. Although all these 
techniques provide several advantages, the direct liquid phase exfoliation of graphite was 
used in this study. This technique yielded high concentration of graphene nanoplatelets in 
the solvent. 
The physical gel considered here consists of a triblock copolymer, poly (methyl 
methacrylate)-poly (n-butyl acrylate)-poly (methyl methacrylate) [PMMA-PnBA-
PMMA], in a midblock selective solvent, 2-ethyl-1-hexanol. This is a well-studied 
system,15,18,73 where, at elevated temperature the polymer become soluble in 2-ethyl-1-
hexanol. However, as the temperature is decreased, the solubility of PMMA blocks in the 





(such as 2-ethyl-1-hexanol) is highly temperature dependent.3,15 At low temperature, a 
number of collapsed endblocks of PMMA self-assemble to form aggregates. These 
aggregates are connected by PnBA chains and a three-dimensional gel is obtained. Here, 
we report the effect of graphene nanoplatelets on the physical gelation process. Two 
different concentrations of graphene nanoplatelets suspended in 2-ethyl-1-hexanol have 
been considered. Addition of graphene platelets decreases the gelation temperature, 
however the mechanical properties of the graphene containing gels are similar to that of 
the pristine gels at a temperature far below the gelation temperature. 
2.2 Experimental 
The graphene dispersions were prepared by exfoliating expanded graphite, kindly 
provided by Asbury Carbons (CAS # 7782-42-5, grade 3806) in 2-ethyl-1-hexanol 
(Fisher Scientific). Expanded graphite was added to 2-ethyl-1-hexanol at two different 
concentrations: 0.5 mg/mL and 1 mg/mL.  A tip sonicator (Fisher scientific, CL-334) at 
80 W for 10 h was utilized to exfoliate the graphite. An ice-bath was used to avoid the 
temperature increase of the solution due to prolonged sonication. The dispersion was 
centrifuged (Eppendorf, 5810 R) at 4000 rpm for 30 min. The centrifuge process resulted 
in the larger, non-exfoliated graphite particles to separate out of the solvent and the 
exfoliated nanoplatelets containing few-layers of graphene remained in the solution 
phase. The supernatant has been decanted for further use and characterization. To 
determine the graphene concentration in the supernatant, filtration technique was used. 





the graphene nanoplatelets. The filter was then dried overnight in vacuum and the 
increase of mass of the filter was measured. The 0.5 mg/mL and 1 mg/mL concentration 
of graphite resulted in 0.04 mg/mL and 0.12 mg/mL graphene in the supernatant. To 
analyze the stability of graphene dispersions, a spectrophotometer (Unico, model# 1100) 
was used. The absorbance at a wavelength of 660 nm was measured. 
Gels were prepared by dissolving a triblock copolymer PMMA-PnBA-PMMA 
(kindly provided by Kuraray Co) in graphene dispersion at a temperature of 80 °C. The 
triblock copolymer consists of two poly (methyl methacrylate) end blocks with molecular 
weight of 9000 g/mol which are separated by a poly (n-butyl acrylate) midblock having a 
molecular weight of 53000 g/mol. Based on the product datasheet, the triblock copolymer 
has a polydispersity in the range of 1.2 to 1.4. Gel formation took place when the 
polymer solution was cooled to room temperature. For the present study, the polymer 
volume fraction was considered to be 5 vol% (0.0539 mass fraction).   
Both standard and cryo-TEM were used to characterize the graphene samples and 
graphene containing gel samples. TEM measurements were conducted using a 200 kV 
JEOL 2100 instrument on samples prepared by drop casting of a few drops of dispersion 
on to the carbon-film-covered copper grids. Cryo-TEM image was obtained using 200 kV 
Mark IV by FEI Co (at Tulane University). A drop of 4 microliter liquid sample was 
placed on a 200-mesh lacey carbon grid. The grid was lifted into an 100% humidity 
chamber and blotted by filter paper from both sides and then plunged into liquid ethane (-





a cryo-TEM holder through cryo-transfer station. The sample was investigated at -170 
°C. 
To measure the thickness of the graphene nanoplatelets, atomic force microscopy 
(AFM) was conducted on the graphene nanoplatelets deposited on mica substrate. A drop 
of graphene containing 2-ethyl-1-hexanol was placed on a mica substrate. The sample 
was dried in vacuum. Imaging was conducted using Dimension Icon AFM (Bruker 
Corporation). Silicon nitride probe with the spring constant of 0.4 N/m was used. 
The rheological characterization of graphene gels was performed using a 
Discovery HR-2 hybrid rheometer with 25 mm diameter parallel plate geometry. A gap 
of 1 mm was maintained. The temperature-dependent dynamic moduli of these gels were 
measured at strain amplitude of 5% by varying the temperature from 55 °C to 0 °C at a 
rate 2 °C/min. The strain-sweep experiments at 6 °C and 22 °C were conducted by 
varying strain amplitude from 0.1% to 300% at a frequency of 1 rad/s. The steady-shear 
viscosities were measured at 50 °C using a cone and plate geometry. All experiments 
were repeated at least three times. 
2.3 Results and Discussion 
A stable solution of exfoliated graphene nanoplatelets in 2-ethyl-1-hexanol is 
necessary to achieve the uniform incorporation of graphene nanoplatelets in the triblock 
copolymer gels. Figure 2.1a displays 2-ethyl-1-hexanol with 0.04 mg/mL and 0.12 
mg/mL of graphene, corresponding to graphene mass fractions of 0.44 × 10−4 and 1.3 ×





centrifuged samples. Pure solvent is also shown for comparison purpose. To investigate 
the stability of the suspensions, the samples were stored for 7 days without any 
perturbation. As shown in Figure 2.1b, the solution color remained unchanged after 7 
days of waiting, indicating the stable nature of the solution. To investigate further, visible 
light absorbance spectrophotometry was used.27,79 Here, absorbance by the solution at a 
wavelength of 660 nm was measured on day#1 and on day#7. In both cases the samples 
were diluted by a factor of 5 before measuring the absorbance to avoid the saturation of 
the spectrophotometer detector. As shown in Figure 2.1c, a small decrease in absorbance 
of graphene dispersions (6.23% for 0.04 mg/mL and 6.7% for 0.12 mg/mL) was observed 
further confirming the stability of these solutions after even seven days. 
 
Figure 2.1 Stability of graphene (FLG) suspension during time. 
(a) Solvent without and with few layers of graphene (FLG) on (a) day #1 and (b) day #7. 
(c) Absorbance at = 660 nm for the samples with 0.04 mg mL-1 and 0.12 mg mL-1 FLG 
on day #1 and day #7. In both cases, the samples were diluted by a factor of 5. The error 





In general, good exfoliation of graphite in a solvent is achieved when the surface 
energy of the solvent is similar to that of graphene. It has been shown that the solvents 
with the surface energy in the range of 40-50 mJ/m2 are good solvents for graphite 
exfoliation.80 The Hildebrand solubility parameters can also be used to choose an 
appropriate solvent for dispersion. The dispersive Hansen solubility parameter is only 
considered due to the nonpolar nature of graphene. 80 It has been shown that solvents with 
the dispersive solubility parameter in the range of 15-21 MPa1/2 are good solvents for 
graphene.81 The surface tension of 2-ethyl-1-hexanol is close to 27 mJ/m2, which is not 
close to the graphite surface energy.  However, the dispersive solubility factor of 2-ethyl-
1-hexanol is 16 MPa1/2, which makes it a good solvent for graphene exfoliation. 
An achieved graphene concentration of 0.12 mg/mL in this study is comparable to 
that obtained for other solvents reported in the literature.82,83 For example, graphene 
concentration of as high as 1.2 mg/mL in NMP and 0.5 mg/mL in isopropanol has been 
obtained after prolonged sonication (more than 100 hours). However, prolonged 
sonication has shown to cause damage of graphene structure due to high pressure and 
temperature produced by cavitation.82,83 In an alternative approach, to obtain higher 
graphene concentration, the graphene platelets have been stabilized using 
polyvinylpyryolidone (PVP).79  
Stability of a graphene suspension depends on the settling velocity of the 
graphene platelets in the static suspending fluid. The separation process that takes place 
during the centrifugation also depends on the settling velocity.84 Based on Stokes’ law, 






f)g/18µ.85 Here, d is the diameter of a particle, P and f are the densities of the 
particle and the suspending fluid, respectively, g is the acceleration due to the 
gravity and  is the viscosity of suspending fluid.85 The equation for nanoplatelets 
will have a different prefactor than that obtained for spherical particles. However, 
the key factors for terminal velocity are the difference in the density of the 
particles and the fluid, and the fluid viscosity. Although, the surface tension of 2-
ethyl-1-hexanol is similar to ethanol and isopropanol, the density and viscosity of 
2-ethyl-1-hexanol are higher than of those. This likely resulted in a higher 
concentration of graphene nanoplatelets in 2-ethyl-1-hexanol for a relatively short 
sonication time. The graphene dispersed solution behaves like a liquid, and 
gelation due to percolation of graphene nanoplatelets has not been observed. 
Once a stable solution is obtained, polymer pellets were added in the solutions to 
obtain polymer volume percentage of 5%. Figure 2.2a displays the gels without and with 
graphene. At room temperature both the solutions, without and with graphene, form gel, 
as tested by vial-inversion tests (Figure 2.2a). Dark color represents the presence of 
graphene in the system. No visible heterogeneities were observed in graphene containing 
gels. Also, similar to the pristine gels (without graphene), multiple heating and cooling 








Figure 2.2 The level of graphene (FLG) in the gel and the effect of FLG on gelation 
behavior. 
(a) Gels with and without graphene. Polymer concentration is maintained at 5 vol%. (b) 
Cryo-TEM image of a gel containing 0.12 mg mL1 FLG. (c) Temperature dependence of 
storage (G') and loss moduli (G") as a function of temperature for gels with and without 
FLG. The error bars represent one standard deviation. 
To investigate the level of exfoliation of graphite, TEM and cryo-TEM techniques 
were used for graphene containing solvents and gels. Figure 2.2b displays a typical 
graphene nanoplatelet present within a gel obtained using cryo-TEM. The application of 
cryo-TEM is advantageous, as evaporation of 2-ethyl-1-hexanol does not take place 
during the sample preparation stage and the gel structure is preserved. Although polymer 
phase cannot be resolved, the graphene nanoplatelets are distinctly visible. The graphene 
platelets are found to be folded with lateral dimension higher than 500 nm. Similar 





(Fig.A.1 and A.2). We also attempted to determine the thickness of nanoplatelets, i.e., the 
number of graphene layers present in one platelet. Images of the edge of the platelets 
were collected (Fig. A.3) and the number of layers was counted at least for 20 samples 
for each graphene concentration. The distributions of number of graphene layers present 
in the nanoplatelets are shown in Fig. A.1 and A.2. Electron diffraction patterns were also 
analyzed at different spots on graphene platelets samples. Single layer and folded single 
layer mostly display first order peak, whereas, second or multiple order reflections were 
observed for multiple layers.86 Simulation study indicates that for single layer of 
graphene, the intensity of inner spots is higher than that observed for outer spots.80,86 
Conversely, for multilayers of graphene, the intensity of outer spots is more than that is 
observed for inner spots.80,86 This can be quantified by comparing the intensity of the 
{1100} and {2110} diffraction peaks and the intensity ratio, I1100/ I2110, greater than 1 
indicates the presence of single layer graphene (Fig. A.1).   
To analyze the thickness of graphene layers, AFM experiments were conducted 
on deposited graphene nanoplatelets on mica surface from the solutions of different 
graphene concentration.  Figure 2.3 shows the AFM results for graphene nanoplatelets 
deposited from the solution containing 0.12 mg/mL of graphene. Similar to TEM 
observation, the graphene nanoplatelets have lateral dimensions in the order of 500 nm 
and some of the graphene layers are founded to be folded.  The height profiles were 
obtained at multiple locations and the results indicate that the thickness of these layers is 
in the range of 2.5 nm to 4.3 nm. This corresponds to presence of approximately 7-12 






Figure 2.3 Graphene (FLG) thickness analysis. 
AFM image of graphene nanoplatelets on mica surface deposited from a suspension 
containing 0.12 mg mL1 graphene. The height profiles were measured at multiple 
locations. 
Based on the TEM results, electron diffraction patterns and AFM data, it was 
found that the graphene nanoplatelets in our samples have varying thickness, from a 
single layer to as high as 12 layers. Interestingly, lower initial graphite concentration 
yielded more single layer graphene. For the solution containing 0.04 mg/mL graphene, 
the suspended graphene nanoplatelets have 1-3 layers, with approximately 30% single 
layer. For the graphene concentration of 0.12 mg/mL, the graphene nanoplatelets have 6-
12 layers. We have denoted our nanoplatelets as few-layer graphene (FLG), because of 
the presence of multiple graphene layers (as high as 12). 
The effect of graphene on the gelation behavior of graphene containing polymer 
solution was quantified using oscillatory shear rheology. The samples were loaded in the 





of 2 °C/min. During this process, the sample was subjected to a strain of 5% and the 
storage and loss moduli were obtained from the rheometer software. The storage modulus 
(G) represents the elastic contribution, whereas, the loss modulus (G) represents the 
viscous contribution. The results for a sample without graphene and two samples 
containing 0.04 mg/mL and 0.12 mg/mL FLG are shown in Figure 2.2c. Although, at 
high temperature (above 40 °C), G is higher than G, unfortunately, the measured torque 
values at these temperatures are low and close to the instrument limit. This restricts us to 
evaluate the elasticity of the solutions at that temperature. However, the solutions visually 
appeared to be viscous liquids. Flow sweep experiments at 50 °C indicate that the 
viscosities of these solutions are low and the addition of graphene did not result into a 
significant change of viscosity values (Fig. A.4). 
As the temperature is decreased, the torque values reached the measurement 
limit and it was found that G is higher than G, i.e., the solution is a viscous 
liquid. With further decrease of temperature, both G and G increase and a cross-
over between G and G was observed. Below the cross-over temperature, G 
remains higher than G, indicating that the viscous liquid self-assemble into a soft-
solid or gel like material. The crossover temperature is defined as the gel point for 
our samples.15,18 For a sample without graphene, the gelation temperature is 32 
°C. However, addition of FLG resulted in lower gelation temperature. For a 
sample containing 0.04 mg/mL graphene, the gelation temperature is 26 °C, 





decrease in gel point with incorporation of graphene confirms the effect of graphene on 
the self-assembly process. The graphene nanoplatelets hinders the network formation, 
which results in decrease of gelation temperature. 
The triblock gel considered here displays unique strain- stiffening behavior, i.e., 
for an applied frequency the storage modulus increases with increasing strain 
amplitude.17,73 The strain-stiffening behavior is related to the finite-chain extensibility of 
PnBA chains. We also investigated the effect of FLG on the strain-stiffening behavior. 
Figures 2.4a and 2.4b display the G  and G as a function of strain amplitude for pristine 
and graphene containing gels at 22 °C and 6 °C, respectively. At both of these 
temperatures, strain-stiffening behavior is observed.   
 
Figure 2.4 Effect of graphene (FLG) on storage and loss moduli as a function of 
temperature. 
Storage (G') and loss moduli (G") as a function of strain amplitude for gels with and 





Similar to that observed in temperature sweep experiments presented in Figure 
2.2, the G  and G values are different for different gel samples at 22 °C (Figure 2.4a).  
For the pristine gel, the G  is approximately 1 order of magnitude higher than G, 
indicating the elastic nature of this gel. However, with addition of FLG, the difference 
between G and G decreases. The decrease in the difference between storage and loss 
moduli for graphene containing gels confirms the effect of graphene on the self-assembly 
process. 
Figure 2.4b shows G and G for these gels at 6 °C. Here, G and the difference 
between G and G are relatively independent of the graphene concentration. In fact, as 
observed in Figure 2.2c, the storage moduli for both pure and graphene containing gels 
are similar below 10 °C. It is likely that at that temperature the self-assembly process is 
adequate for the modulus to reach the values observed for pristine gels. It is most likely 
that the graphene platelets did not participate in load-bearing, i.e., those are not elastically 
active. This observation is different than that generally observed in literature, where 
addition of graphene resulted in increase of elastic modulus.27  
Interestingly, at both 22 °C, and 6 °C, the addition of FLG does not have any 
effect on the onset of the nonlinear elastic behavior of these gels and the strain stiffening 
response become apparent at an approximate strain value of 100% for both these 
temperatures. 
To understand the self-assembly process further, we studied the relaxation 





a step strain of 5%, which falls within the linear viscoelastic region, was applied and 
stress relaxation was captured as a function of time. From these experiments, time 
dependent modulus values G(t) are estimated as a function of time and are shown in 
Figure 2.5.  Overall, G(t) decreases with time indicating that the sample relaxes with 
time. The rate of change of G(t) depends on the experimental temperature and the sample 
tested. As expected, at lower temperature, where the sample is more elastic, the 
relaxation process is slower than that observed at higher temperature. Near the gelation 
point, the relaxation is very rapid. Stress relaxation in the physical gels considered here 
takes place by the exchange of the endblocks in and out of the aggregates and between 
the neighboring aggregates. Therefore, both temperature and graphene platelets affect the 
relaxation process. 
 
Figure 2.5 Effect of graphene (FLG) on relaxation behavior of triblock copolymer 
gels. 
Stress relaxation of gels without graphene (a) and gels with 0.12 mg mL1 graphene (b) 
studied over a temperature range of 6 to 25 °C. The symbols are experimental data, 






The stress-relaxation results can be fitted with different models, such as Maxwell 
model, stretched exponential function, Maxwell-Jeffrys, and Kelvin-Voigt models.67 
Fitting with these models provide us information on relaxation time and its 
distribution, which are related to viscoelasticity and the self-assembly process. 
Here, the stress-relaxation data are fitted with a stretched exponential function 




















GtG exp0                                            (2.1) 
Here, 𝐺0 is the shear modulus at time zero, τ is the relaxation time, and  is the 
stretching exponent. The fitted results are also shown in Figures 2.5a and 2.5b. It was 
found that the stretched-exponential function can capture the experimental data 
reasonably well. The values of  less than 1 indicates the relaxation time distribution, i.e., 
a range of time associated with endblock exchange between aggregates.  =1 indicates a 
single relaxation time and the Eq. 2.1 becomes the Maxwell model. We also attempted to 
fit Maxwell model with the experimental data but good fitting was not obtained (fitting 
not shown here). 
Table 2.1 displays the fitted values for G0, τ, and   for the samples without and 
with graphene at different temperatures. The modulus values increase with decreasing 
temperature. This behavior is expected because of the less swollen state of the aggregates 
at lower temperature. Also, at lower temperatures, chain pull-out from the less swollen 





relaxation process becomes faster with increase of temperature and the change of 
relaxation time was almost two orders of magnitude. 
Table 2.1 The values of fitted parameters to fit the experimental stress relaxation data 
shown in Fig. 2.5 for the pristine gel (a) and for the gel with graphene 
concentration of 0.12 mg mL-1 (b) 
 
In previous studies,  the stress relaxation behavior of a similar gel considered here 
(without graphene)  in both linear and nonlinear regime have been reported.15,87 Erk and 
Douglas did not consider G0 as a fitting parameter, but used the storage modulus value 
(G) at the frequency of ω =100 rad/s. In the present study, we conducted the experiments 
using a TA Instruments HR-2 hybrid rheometer and the maximum frequency that we can 
achieve in this instrument was 30 rad/s.73 Beyond this frequency, the inertial effect 
becomes significant (the raw phase angle values are more than 150°). Thus, the three 
parameters fitting were used for our experimental data. The data was fitted with stretched 
exponential function from t = 1 s. The modulus values obtained for the pristine gel were 





Erk and Douglas have reported  = 0.33 for the pristine gels. However, in our 
study the stretching exponent has found to be in the range of 0.2 – 0.3 for both the gels 
with and without graphene. However, our results are similar to  = 0.2 obtained by Hotta 
et al. for a triblock gel consists of polystyrene-polyisoprene-polystyrene.88 Interestingly, 
Drazl and Shull obtained  = 0.53.15 The differences are probably due to the different 
instruments and experimental protocols utilized in these works. 
Stress relaxation results indicate that both pristine and graphene containing gels 
display similar stress-relaxation behavior. However, at lower experimental temperature, 
with increasing graphene concentration, for example, at 15 °C and 20 °C the values of G0 
and  values are lower for graphene containing gels. At 25 °C, which is just above the 
gelation temperature for the graphene containing gel, the relaxation behavior is different 
compared to the pristine gel. This is likely due to liquid like behaviour at this 
temperature. Stretched-exponential function cannot be fitted with the experimental data at 
25 °C. For graphene gel, the decrease of the relaxation time with temperature indicates 
the easier exchange PMMA blocks in and out of the aggregates. 
To investigate whether the fitted stretched exponential function has captured 
the experimental data adequately, creep experiments were conducted on these 
samples. Note that a stress-controlled rheometer is used in this study, which is well 
suited for creep experiments. For the creep experiments a stress of 100 Pa was 





The creep compliance of the gel without and with 0.12 mg/mL graphene at 
6 °C is presented in Fig. A.5.  Distinct creep-ringing was observed at short time 
scale, which gradually faded out. The long-term creep compliance data (t > 5 s) 
was fitted with the stretched exponential function. We only considered the long-
term creep compliance, as the functional form for the stretched exponential 
function used here cannot capture creep ringing. A reasonable fit (Fig. A.6) was 
obtained and the fitted values for , and  are similar to that obtained from the 
fitting of stress-relaxation data (Table 2.1). However, G0 was lower than that 
obtained in stress-relaxation experiments, indicating that the gel behaves softer in 
the stress controlled mode experiments. Interestingly, the creep ringing of the gels 
can be reasonably captured using Maxwell-Jeffreys model composed of springs, 
dashpots and inertia terms (Fig. A.7).89 However, the model did not capture the 
long term behavior well, as the Maxwell-Jeffreys model predicts much faster 
creep.  
The above results indicate that the graphene nanoplatelets affect the self-assembly 
process. Next, we try to hypothesize the location of graphene nanoplatelets in the gel. In a 
previous study, Schoch et al. have investigated the effect of single-walled carbon 
nanotubes (SWNTs) on mechanical properties of triblock copolymer gel, similar to the 
one studied here.90 The nanotube mass fraction was varied from 1.2 × 10-4 to 5.8 × 10-3 , 
higher than the graphene mass fractions of 0.44 × 10-4 and 1.3 ×10-4 considered here. It 
was assumed that the PMMA chains wrap around the SWNTs, which is very likely owing 





considered, the addition of SWNT did not cause any difference in gelation temperature 
and mechanical properties. The elastic modulus of SWNT containing gels were similar to 
that was obtained for the pristine gel. Therefore, SWNTs did not affect the self-assembly 
process significantly.  
The difference is self-assembly process between pristine and graphene containing 
gels can intuitively linked to the diffusivities of the nanotubes and graphene. However, 
the diffusivity of nanotubes is higher than that of flat, graphene nanoplatelets. The 
relative difference in diffusivities can be estimated considering dilute solutions of these. 
The ratio of diffusivity of a plate-like particle to that of rod can be given by D0,plate/D0,rod 
= L3/(4D3[ln(L/d) – 0.8]).40Here, D0,plate and D0,rod are the diffusivities of a plate, and a 
rod in a dilute solution, respectively.  D is the equivalent diameter of a plate, L is the 
length of a rod, and d is the diameter of a rod.43 If we consider D ~ 500 nm (as observed 
in TEM micrographs), d ~ 1 nm, and L ~ 100 nm, the D0,plate/D0,rod = 0.00165, i.e, the 
diffusivity of a nanotube will be three orders of magnitude higher than that of a graphene 
platelet. Therefore, the difference in self-assembly process in graphene containing gels is 
likely affected by the size and shape of the nanoplatelets, and polymer-graphene 
interaction, but not by the diffusivity of the nanoplatelets. 
Gel formation can be discussed using the solubility parameters of the constituting 
components.91 The solubility parameters of the solvent, homopolymer components of the 


















The solubility parameters of graphene nanoplatelets are similar to that of PMMA 
and 2-ethyl-1-hexanol. This indicates that the graphene nanoplatelets will have favorable 
interaction with PMMA and graphene nanoplatelets can act as favorable adsorption sites 
for PMMA endblocks. The affinity of PMMA chains to the graphene surfaces have been 
reported in a number of studies.92,93 It has been shown that due to favorable interaction, 
the chain mobility near the graphene surface decreases. The mobility is further restricted, 
if the graphene is functionalized. Such decrease of mobility resulted in higher glass 
transition temperature in some cases.92,93 In our sample, although we observe affinity of 
PMMA chains to the graphene platelets, restricted mobility of the chains was not 
obvious, which would have been manifested by increase of gelation temperature. This is 
probably because of the solvated state of the PMMA aggregates. 
Fig. 2.6a displays the proposed structure of the pristine gel. As discussed above, 





decreasing temperature. The PMMA endblocks collapse and a number collapsed 
endblocks self-assemble to form aggregates (Fig.2.6a). The PMMA aggregates are 
connected by the PnBA bridges forming a gel.18 It is important to note that the aggregates 
are not permanent in nature and an exchange of polymer chains from solution to the 
aggregates and vice versa takes place dynamically. The rate of exchange decreases with 
decreasing temperature, which has manifested by increasing relaxation time as the 
temperature is reduced from the gelation temperature. It has been hypothesized that the 
aggregates become glassy (i.e., the aggregates become frozen) at low enough 
temperature.87 At that temperature, both the modulus and relaxation time will not be a 
strong function of temperature, as noted in Table 2.1. 
 
Figure 2.6 The proposed structure of the triblock copolymer gel (a) without and (b) 
with graphene. 
The graphene platelets affect the gel structure and the proposed gel structure is 
shown in Fig. 2.6b. Due to short chain length (in the order of 20 nm), the PMMA 





of 500 nm, except at the edges (Fig. 2.6b). Therefore, the PMMA aggregates that formed 
with decreasing temperature physisorbed at the graphene surface. These aggregates are 
connected by the PnBA midblocks and a three-dimensional gel network is formed. The 
interaction between graphene and PMMA chains is not expected to be strong because of 
solvated state of the PMMA aggregates. With decreasing temperature, the solvent is 
expelled from the aggregates and the interaction become stronger. 
In a polymer network where the chains are not entangled, the stress is transferred 
by elastically active chains connecting the aggregates. In a pure gel transfer of stress 
occurs unhindered. However, the addition of graphene caused hindered stress transfer. 
Also, the strength of interaction between the PMMA aggregates and the graphene 
become important. As a result, the gelation for graphene gels occurs at a lower 
temperature. However, at a lower temperature (< 10 °C), when the interaction between 
graphene and PMMA become stronger and the aggregates become glassy, the modulus of 
graphene-containing gels become similar to that of pristine gel. 
In this paper, we have shown that graphene nanoplatelets can be incorporated in a 
physical gel. At lower temperature, far away from the gelation temperature, the modulus 
of graphene containing gels is similar to that observed for pristine gels. This signifies that 
the nanoparticles can be incorporated in physical gels without changing the mechanical 
properties. This will potentially lead to multifunctional gels having similar mechanical 
properties as the pristine gels. The future research will involve the investigation of the 





2.4 Concluding remarks  
Thermoreversible physical gels with graphene nanoplatelets have been prepared 
and a gel structure has been proposed based on the experimental results. The gelation 
temperature decreases with increasing graphene concentration, however, far below the 
gelation temperature the elastic modulus is independent of graphene concentration. The 
stress relaxation response of the gels was described using stretched exponential function 
in the temperatures range of 6 °C to 25 °C. The long-term creep responses of the gels 
were also fitted using the stretched exponential function and it was found that the gel is 
softer in the stress-controlled mode experiments. Responsiveness of these gels subjected 













TEMPERATURE-DEPENDENT SELF-ASSEMBLY AND RHEOLOGICAL 
BEHAVIOR OF A THERMOREVERSIBLE PMMA–PnBA–PMMA TRIBLOCK 
COPOLYMER GEL 
3.1 Introduction 
Physically or covalently interconnected networked structures of polymers swollen 
with solvents behave like a gel. Gels that are formed by the self-assembly of a segment in 
a block-copolymer are of significant interest, particularly, if the association and 
dissociation of the structure can be controlled by the application of stimuli such as 
temperature and pH.94,95 For small molecule gelators, the small molecules can associate 
to form fibers or other self-assembled structures leading to gel formation.96,97 For 
polymeric systems, where the gelator can be a multi-block copolymer, the choice of 
solvent plays an important role, as the individual block can interact with the solvent in a 
different manner.98 Often, solubility of one or more of the polymer blocks changes 
significantly with temperature in comparison with the other blocks and this differential 
response can be harnessed to obtain thermoreversible gels.15,95–100  
For a triblock copolymer system (ABA), end-block and mid-block selective 
solvents have been used to form a preferred networked structure.100,101 Pluronic gels are 
most commonly used triblock copolymer gels, in which a triblock copolymer, 
poly(ethylene oxide)–poly(propylene oxide)–poly (ethylene oxide), forms a gel in water, 
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an end-block selective solvent. The transition from sol phase to gel phase occurs with 
increasing temperature.101 For these gels, relatively high polymer concentration is often 
needed.101 
In a mid-block selective solvent, the end-blocks associate to form a gel-like 
material above a critical micelle concentration. Many thermoreversible gels based on 
these principles have been investigated,18,74,100,102–104 but in most of the cases, such 
investigations were limited to a small temperature window, that is, from room 
temperature to above the gelation temperature.18,102 However, in practical applications, 
gel samples can be subjected to wide temperature variations. For example, these self-
assembled gels have been examined for impact resistance clothing105 and muscle-like 
actuators,106–108 where the samples are expected to tolerate a significant temperature 
change, even below -18 °C.105 For triblock gel systems, examined over a wider 
temperature range, the change in solubility of the blocks with temperature can lead to the 
continuous evolution of the self-assembled structure and the resultant mechanical 
properties. To develop a better understanding of such changes with an aim to control the 
structure, here we examine changes in the mechanical properties in relation to the gel 
structure of a triblock copolymer gel over a wide temperature range. 
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Structure formation of ABA triblock copolymers in mid-block selective solvents 
and their mechanical properties have been studied extensively.18,59,74,100,103,109–118 
Structure and mechanical properties of these systems depend on the absolute and relative 
copolymer block lengths, the copolymer concentration in solution, pH, and temperature, 
which may strongly affect the polymer–solvent interactions.119–122 A number of studies 
have been reported on polystyrene–rubber–polystyrene [PS–rubber–PS] systems in oil, 
which is a good solvent for the rubbery block.74,100,111 Various rubbery blocks such as 
poly(ethylene/propylene) (PEP), poly(ethylene/butylene) (PEB), and polyisoprene (PI) 
have been investigated.59,74,100,103,112 Gels from these polymers are already in use in 
cosmetics and health care products.123 In addition to PS–rubber–PS systems, other 
systems that have been considered are acrylic block copolymers, such as poly (methyl 
methacrylate)–poly (tert-butyl acrylate)–poly (methyl methacrylate) [PMMA–PtBA–
PMMA] and poly(methyl methacrylate)– poly(n-butyl acrylate)–poly(methyl 
methacrylate) [PMMA–PnBA– PMMA] in butanol and 2-ethyl-1-hexanol.124–126 
However, change of structure and the corresponding mechanical properties over a wide 
range of temperature have not been investigated in detail. 
Many methods including rheometry, small-angle X-ray and neutron scattering, 
and transmission electron microscopy, have been used to examine the self-assembly in 
these systems where the end-blocks self-assemble to form aggregates, which act as 
physical crosslinking points.59,74,113 The mid-blocks act as bridges to the crosslinks to 
form a three-dimensional network which then exhibits gel or soft-solid material 
characteristics.74,110 However, in some instances, the copolymer can form a loop, that is, 
both end-blocks of a single chain remain located in one aggregate. For [PS–PI–PS] and 
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[PS–PEP–PS] systems in aliphatic oil, the aggregates are in the form of spherical micelles 
for the styrene mass fraction of 20%, which transforms to cylinders and lamellae as the 
styrene mass fraction increased to 40% and 50%.59 Since the gel formation is a result of 
relative change in interactions between the solvent and the blocks, temperature plays an 
important role in block solvency, hence the gel structure. For example, for [PS–PEB– PS] 
and [PS–PEP–PS] triblock polymers in mineral oil, annealing above the glass transition 
temperature of PS end-blocks resulted in the formation of a long-range ordered structure, 
such as body-centered-cubic (bcc) aggregate structures.114,115,117 The ordered structure has 
been considered to be the equilibrium structure, which evolves from the kinetically-
trapped structure during annealing. 114,115,117 
Morphology diagrams of ABA triblock copolymers in mid-block selective 
solvents have been generated using computational studies.127–130 These studies also 
indicate two trends: (i) micellar structure formation at low polymer concentrations, 20–
40% and (ii) micellar structure transitioning to a cylindrical structure, with increasing 
polymer concentration, 60–80%.130 The elastic moduli of these self-assembled gels are 
the function of the number of elastically active bridging blocks per unit volume. 
Increasing polymer concentration results in a higher number of end-blocks per aggregate, 
an increase in bridging block concentration, and reduction of loop formation.18,74,109 
Therefore, higher polymer concentration results in an increase in elastic modulus. 
However, a computational study on [PS–PI–PS] indicated that beyond a certain polymer 
concentration, the elastic modulus does not increase significantly [less than 10%].127 
Length or molecular weight of the mid-block can affect the mechanical properties, if the 
molecular weight is above the entanglement threshold.116 The strength of the physical 
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association also dictates the mechanical properties. For example, in the case of a strong 
association, during deformation, the chains can be stretched to their full length before 
being pulled out of the aggregates. In those instances, distinct strain-stiffening responses 
have been observed.17,118,131  
Elucidating the change of structure through scattering techniques (e.g., 
SAXS/SANS) as a function of applied strain is important to determine the appropriate 
applications for these materials; however, such studies are limited.74,113 For a [PS–PEB–
PS] system, distinct structural changes as a function of applied oscillatory strain 
amplitude has previously been captured.113 Similarly, for [PS–PEB–PS] and [PS–PEP–
PS] systems, large uniaxial elongation was found to distort the morphology and size of 
the aggregates.74 The evolution of structure and rheological properties of the telechelic 
polymers subjected to shear flow have been investigated using hybrid molecular 
dynamics, Monte Carlo simulations.132,133 It has been reported that the size and the 
number of aggregates change with the applied frequency and strain.132,133 
Thermoreversible gels consisting of PMMA–PnBA–PMMA in mid-block selective 
solvents display interesting mechanical properties, such as strain-stiffening behavior.131 
However, the evolution of structure at different length scales over a wide range of 
temperature and the effect of these structural changes on the mechanical properties have 
not been thoroughly investigated. Here, we capture the rheological behavior, thermal 
properties, and structure formation in these gels over a wide temperature range, from near 
the solvent melting points to above the gelation temperature. Two mid-block selective 
solvents, 2-ethyl-1-hexanol, and n-butanol, are considered. For the triblock polymer, 
PMMA–PnBA–PMMA, the molecular weight of the end-blocks is 9000 g mol-1, whereas 
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that of the mid-block is 53,000 g mol-1. As the average entanglement molecular weight of 
PnBA is about 20,000– 30,000 g mol-1,134 we do not expect a significant entanglement in 
our system. 
3.2 Experimental  
3.2.1 Materials  
The triblock copolymer, PMMA–PnBA–PMMA (kindly provided by Kuraray 
America Inc.) was dissolved at 80 °C, either in 2-ethyl-1-hexanol or n-butanol, mid-block 
selective solvents, and subsequently cooled to obtain gels. The polydispersity of the 
triblock copolymer is in the range of 1.2–1.4. In this study, gels with four different 
polymer volume fractions were considered: 10%, 20%, 30%, and 40%. For control 
experiments, homopolymers, PMMA (Mn = 7000 g mol-1, Mw = 8400 g mol-1, S:H:I 
tacticity of 35:55:10) and PnBA (Mn = 61,000 g mol-1 , Mw = 72,000 g mol-1) were 
obtained from Polymer Source Inc. The molecular weights of the homopolymers were 
chosen to be similar to those of the copolymer blocks.  
3.2.2 Rheology  
The rheological measurements were performed using a TA instruments Discovery 
HR-2 rheometer with 25 mm cone-plate fixture having a cone angle of 0.04 rad. For 
temperature ramp experiments, the gel samples and the geometries were heated to 80 °C 
prior to transferring the liquid sample to the rheometer. The sample temperature was then 
decreased to -80 °C at a rate of 2 °C min-1. Applied strain amplitude was 𝛾0 = 1%  at a 
frequency of  = 1 rad/s. For the temperature range of 0–50 °C, we have used a cup-bob 
geometry. The diameter of the cup was 30.4 mm and that of the bob was 28 mm.  
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3.2.3 Modulated Differential Scanning Calorimetry (MDSC)  
Modulated differential scanning calorimetry measurements were performed using 
a TA DSC Q2000 model with a liquid nitrogen cooling system (LNCS). The gel samples 
(5–10 mg) were loaded in hermetically sealed aluminum DSC pans. Samples were cooled 
from room temperature (22 °C) to -150 °C and then heated up to 150 °C (for 2-ethyl-1-
hexanol) or 100 °C (for n-butanol). A sinusoidal modulation period of 40 s, modulation 
amplitude of 0.5 °C, and a stepwise temperature change of 2 °C min-1 were used. Three 
heating-cooling cycles were conducted for every run. All experiments were repeated a 
minimum of three times.  
3.2.4 Small Angle X-Ray Scattering (SAXS)  
The SAXS measurements were carried out at Argonne National Laboratory 
(ANL) utilizing the DND-CAT beamline 5ID-D, using Advanced Photon Source. The X-
ray wavelength used in this study is 0.7323 Å. A gel consisting of polymer volume 
fraction of 10% in 2-ethyl-1-hexanol was loaded in 1 mm capillary and the data were 
collected using three detectors. SAXS detector was Rayonix MX170-HS, and the MAX 
and WAX detectors were model LX170-HS. The experiment was conducted at room 
temperature (22 °C).  
3.3 Results and Discussion 
3.3.1 Effect of Temperature on Flory–Huggins Interaction Parameter  
The Flory–Huggins interaction parameter () provides an idea of the solvent 
quality.135 We investigated the change of the  parameter as a function of temperature for 
PMMA and PnBA homopolymers in n-butanol and 2-ethyl-1-hexanol, respectively. 
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Figure 3.2a displays representative images of the homopolymer samples, PMMA and 
PnBA, in n-butanol and 2-ethyl-1-hexanol at different temperatures. The concentration of 
PMMA and PnBA was approximately 0.03 g mL-1 and 0.08 g mL-1, respectively, 
corresponding to the concentration of these blocks in a 10 vol% copolymer gel. At 80 °C, 
the PMMA solution appeared transparent, indicating the complete solubility of the 
polymer. As the temperature was decreased to 4 °C, the samples became turbid, 
demonstrating phase separation of PMMA. Further reduction of temperature resulted in 
precipitation of the polymer. This behavior indicates a strong temperature dependence of 
the PMMA and solvent  parameter. In contrast, the PnBA samples remained transparent 
over the temperature range of -66 °C to 80 °C, illustrating the solubility of PnBA over a 
wide temperature range.  
 
Figure 3.1 Effect of temperature on the solubility of the polymer blocks. 
(a) Macroscopic observations of solubility change for PMMA and PnBA homopolymers 
in n-butanol and 2-ethyl-1-hexanol, respectively, as a function of temperature. (b) Flory–
Huggins interaction parameter () as a function of temperature. Below 4°C, the 





The temperature dependency of the  parameter can be obtained experimentally. 
Llopis et al.136 determined  parameter and   temperatures for the PMMA samples with 
various molecular weights in different alcohols, such as in n-butanol and n-propanol. The 
change in   temperature was small with increasing molecular weight of alcohol.136 For 
example, the   temperature in n-butanol was found to be 85 °C, whereas, that in n-
propanol was 83.2 °C. Based on the experimental data, for PMMA in butanol,  can be 
represented as:136 𝜒𝑀𝑆 = −2.82 + 1189.058 𝑇 ⁄ . Here, T is in K, and the subscripts “M” 
and “S” represent PMMA and the solvents, respectively. The equation is plotted in Figure 
3.2b.  < 0.5 indicates complete solubility of a polymer in a solvent. As displayed in 
Figure 3.2b, at 80 °C (slightly below the  temperature) MS is slightly above 0.5 and the 
polymer is soluble in n-butanol at that temperature. With decreasing temperature, a sharp 
increase in MS has been observed, which is consistent with the experimental observation 
of phase separation of PMMA at a lower temperature. The  temperature of PMMA in 2-
ethyl-1-hexanol has not been determined experimentally, but we do not expect it to be 
significantly different from in n-butanol. This is also supported by the visual observation 
presented in Figure 3.2a in which PMMA behaved similarly in both of these solvents. For 
PnBA in n-butanol, considering a   temperature of 30 °C, the interaction parameter (BS) 
can be represented as:129 𝜒𝐵𝑆 = 0.375 + 37.875 𝑇 ⁄ . In comparison with PMMA, as 
shown in Figure 3.2b, 𝜒𝐵𝑆 is not a strong function of temperature. Over the temperature 
range investigated, the change of 𝜒𝐵𝑆 is not significant. As observed experimentally [Fig. 
3.2a], PnBA remained soluble in the solvent and no distinct phase separation was 
observed. Similarly, the clear solution of PnBA in 2-ethyl-1-hexanol indicates that the 
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interaction parameter is similar to that observed in n-butanol. The above discussion is for 
PMMA and PnBA homopolymers, but can be extended to the triblock polymer 
considered here. The PMMA end-blocks should behave similar to the PMMA 
homopolymer, that is, the change of solubility as a function of temperature would be 
drastic. Also, the PnBA mid-blocks are expected to remain soluble in the solvents.  
3.3.2 Mechanical Properties  
Gelation from the liquid phase and the change of mechanical properties as a 
function of temperature were captured using shear-rheometry. Figure 3.3 shows the 
temperature dependency (-80 °C to 60 °C) of storage (G) and loss moduli (G) for the 
gels with 10%, 20%, 30%, and 40% polymer volume fractions in n-butanol [see Fig. 
3.3a] and in 2-ethyl-1-hexanol [see Fig 3.3b]. At high temperature, evaporation of 
solvents, can affect the rheological results. Therefore, a cup-bob geometry was used over 
a temperature range of 0 °C to 60 °C, except for 10% gel in n-butanol, where, for the cup-
bob geometry the lowest temperature was -10 °C. To reduce the effect of solvent 
evaporation on the rheology data, we have slightly overfilled the cup. A cone-plate 
geometry was used from 0 °C to -80 °C. The small discontinuity in the rheology data 
from two geometries is most likely due to the evaporation loss at high temperature 
(during sample loading and cooling process) and small possible errors associated with 
geometry inertia contribution for two different geometries, often observed for a stress-
controlled rheometer. At the sample loading temperature, the samples were in liquid form 
and the corresponding G and G values were below the measurement limit of the 
instrument. With decreasing temperature, as the measurement limit was reached, G was 
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found to be higher than G. Upon further cooling, a sharp increase in moduli was 
observed and eventually, G became higher than G. The crossover point, that is, the 
temperature at which G  became equal to G has been considered to be the gelation 
temperature.15 The gelation temperature for 10% gel in n-butanol was found to be 32 °C, 
and that increased to about 38 °C for the higher polymer concentration of 40%. Similarly, 
for the gels in 2-ethyl-1-hexanol, the gelation temperature changed from 35 °C to 45 
°C, as polymer volume fraction was increased from 10% to 40%. The gelation is related 
to the association of the PMMA end-blocks as temperature decreases. The PMMA end-
block aggregates form crosslinking points which are connected by the PnBA mid-blocks 
resulting in a soft solid-like material (gel).18 With a further decrease in temperature, G  
remained much higher than G. In addition, G became independent of temperature and a 
plateau (moderate-temperature plateau) was observed. With increasing polymer volume 
fraction from 10% to 30%, an increase in moderate-temperature plateau was observed. 
However, as the polymer volume fraction increased further to 40%, no significant change 
in G was observed. The increase in elastic moduli with the increase in polymer volume 
fraction is related to the increase in a number of elastically active chains per unit volume, 
that is number of bridging mid-block chains. However, a computational study indicated 
that beyond a certain polymer concentration, the aggregates become bigger and closer.127 
At that stage, the concentration of the mid-block chains does not affect the mechanical 
properties significantly. This is because, at higher concentration, the aggregates are closer 
and the entropic penalty of stretching the mid-block decreases.18 Our experimental data 
displayed a similar trend. It is important to note that for a similar polymer volume 
fraction, the gels in 2-ethyl-1-hexanol have a slightly higher gelation temperature than 
 
55 
that in n-butanol. This indicates that the phase separation of PMMA is more favorable in 
2- ethyl-1-hexanol than in n-butanol. Furthermore, once the gel is formed, for a similar 
volume fraction, the gels in 2-ethyl-1- hexanol displayed slightly higher G  (e.g., for 
10% gel, at 22 °C, G in n-butanol was 1000 Pa and G in 2-ethyl-1- hexanol was 2000 
Pa). All these differences can be explained in terms of a slight difference in the PMMA 
solubility parameter in two solvents chosen here. The difference in total solubility 
parameters (Hilderbrand) between PMMA and 2-ethyl-1-hexanol is 2.59, which is larger 
than 0.41, the difference between PMMA and n-butanol (see Table B.1).131 As the 
temperature decreased further, G increased and then reached another plateau (low-
temperature plateau) at about -60 °C for all polymer volume fractions. Interestingly, G 
values for all these samples were similar at that temperature. It is likely that at this stage, 
solvent crystallization took place and the rheological responses were dominated by the 
mechanical properties of the solvent crystals or quasicrystals.137,138 Formation of such 
structures has likely caused an increase in moduli observed below -60 °C. Also, the 
rheology results can be affected by slight slippage at the sample-plate interface. We have 
also observed changes in the visual appearance of these samples with the decrease in 
temperature. An example of these results for the 10% gel is shown in Figure 3.3c. The 
samples were transparent at 22 °C and appeared turbid/opaque at 4 °C. With a further 
reduction of temperature, the samples became more turbid. Gel samples in n-butanol 
showed higher turbidity in comparison with the 2-ethyl-1-hexanol. It is important to note 
that no precipitation was observed over the temperature range investigated here, in 
comparison with precipitation of PMMA (homopolymer) in n-butanol and 2- ethyl-1-
hexanol [Fig. 3.2a]. The turbidity appears from the macro-phase separated structure 
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having at least one of the characteristic lengths larger than the visible light wavelength, 
that is, on the order of mm. It can be hypothesized that with decreasing temperature, the 
PMMA blocks minimizes interaction with the solvent by coalescing to form a percolated 
structure.139 The scattering results presented in the following section provide some 
insights on those structures.  
 
Figure 3.2 Dynamic moduli and images of the gels as a function of temperature. 
Storage (G') and loss (G") moduli as a function of temperature for different polymer 
volume fraction gels in n-butanol (a) and in 2-ethyl-1-hexanol (b). Insets show the zoom-
in view near gelation temperature. Applied strain amplitude was 1% at a frequency of 1 
rad/s. (c) Images of the gels in n-butanol and 2-ethyl-1-hexanol at five different 
temperatures. 
3.3.3 Thermal Characterization  
The thermal behavior of the triblock copolymer, solvents, and gel samples was 
investigated using modulated DSC (MDSC). The MDSC scan of the pure triblock 
copolymer is shown in Fig. B.1. The triblock copolymer exhibited two glass transition 
temperatures (Tg), at ~ -50 °C and at ~ 100 °C. The two Tgs are similar to the glass 
transition temperatures of the homopolymer components, PnBA and PMMA, 
respectively.140 The Tg of PnBA is more prominent than PMMA due to a higher weight 
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fraction of PnBA in the triblock polymer.141 There is an endothermic transition at around 
40 °C which disappeared in the second and third cycles; this transition is likely related to 
the glass transition temperature of the PMMA domains solvated by PnBA chains.141 
 
Figure 3.3 Thermograms of (a) n-butanol, (b) 2-ethyl-1-hexanol, (c) 20% gel in n-
butanol, and (d) 20% gel in 2-ethyl-1-hexanol.  
Inset in (a) shows an expanded thermogram over the temperature range of -160 °C to -
80 °C, inset of (d) indicates thermogram over the temperature range of 30 °C to 50 °C, 
respectively. Note: the scale for y-axis in Figure 3.4a is different in comparison to others.  
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Figure 3.4a–d displays the calorimetric traces of n-butanol, 2-ethyl-1-hexanol, and 
the gels consisting of 20% polymer in n-butanol and 2-ethyl-1-hexanol, respectively. For 
n-butanol [Fig. 3.4a], during cooling several small exothermic peaks have been observed 
related to the crystallization of n-butanol.142,143 The exothermic peak at about -110 °C 
during heating is attributed to the cold crystallization process,144 and an endothermic peak 
at approximately -90 °C represents the melting of the crystals. As shown in Figure 3.4b, 
comparable with n-butanol, multiple crystallization, and melting peaks were observed in 
2-ethyl-1-hexanol. Cold crystallization was not observed in 2-ethyl-1-hexanol [Fig. 3.4b].  
Figure 3.4c shows the calorimetric trace of 20% gel in n-butanol. This 
thermogram is very similar to that obtained for the pure solvent with a sharp exothermic 
peak at ~ -110 °C along with exothermic and endothermic transitions. Figure 3.4d shows 
thermograms for the 20% gel in 2-ethyl-1-hexanol, and peaks identified in the gels are 
similar to those observed for the solvents. However, as displayed in Figure 3.4d, a small 
endothermic transition was observed between 40 °C and 50 °C [see inset Fig. 3.4d], 
which disappeared in the second and third cycles. Similarly, an endothermic peak in the 
temperature range of 40 °C to 50 °C has also been observed for 30% gels in n-butanol 
and 2-ethyl-1-hexanol (Fig. B.2). This endothermic transition has a higher intensity in 
comparison with the 20% gel in 2-ethyl-1-hexanol. The endothermic transition is related 
to the glass transition temperature (Tg) of solvated PMMA aggregates. Interestingly, the 
endothermic peak is not symmetric, likely caused by the difference in solvation state of 
PMMA aggregates. 
 Endothermic transitions at 45 to 55 °C, were also observed using conventional 
DSC for aged samples of PMMA–PtBA– PMMA self-assembled gels in 2-ethyl-1-
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hexanol.15 The intensity of the endothermic peak was found to increase with the aging 
time, likely caused by the enthalpic relaxation process during aging.145 The endothermic 
transition has been assigned to the Tg of the aged solvated PMMA aggregates and the Tg 
of the unaged solvated PMMA was obtained by extrapolation. In this study, Tg of the 
solvated PMMA aggregates without aging has been captured using MDSC. The 
difference in solubility parameters of PtBA and PnBA has likely contributed to this small 
difference in thermal responses.  
For investigation of gel structure, we have performed SAXS experiment on a 10% 
gel in 2-ethyl-1-hexanol at room temperature. Figure 3.7 displays the results over the q-
range of 0.001 Å-1 to 3 Å-1. The maximum accessible q of 3 Å-1 is much higher than that 
captured in SANS. The scattering profile for the q-range of 0.01 Å-1 to 0.3 Å-1 is similar 
to that observed from SANS data. Intensity profile over that range has been fitted with 
the disordered hard-sphere model, similar to that performed on the neutron scattering 
data. Here, the solvent contribution has not been subtracted from the scattering data. The 
fitting yields r0 of 7±0.006 nm with a polydispersity of 0.2, (R-r0) of 7.4±0.018 nm and η 
of 0.42±0.00004. Also, a D of ~35 nm was found, and is similar to that reported in the 
literature.18 r0 is smaller and η is higher than that in the butanol sample. It is likely that 
the smaller aggregate size resulted in a higher number of aggregates and hard-spheres per 




Figure 3.4 SAXS results for a 10% gel in 2-ethyl-1-hexanol. 
 
Two additional peaks were observed at q values of, 0.52 Å-1 and 1.37 Å-1, 
respectively. The formation of these peaks is most likely due to the supramolecular 
structure of the solvent. The structural investigation of alcohols with various molecular 
weights has been conducted using SAXS and Monte Carlo simulations.146 Two peaks at 
the q values of  0.5 Å-1 and 1.5 Å-1 have been reported, similar to our results. These 
peaks have been related to the local assembly of alcohols because of intermolecular 
interactions.  
Although, the peaks at the higher-q has been attributed to the local-ordering of 
alcohol molecules, ordering of PMMA segments in the aggregates with most of the 
solvent expelled can display a peak in that scattering range. In fact, for bulk PMMA 
samples, the peaks over the q-range of ~ 0.3 Å-1 - 2 Å-1 have been reported in PMMA 
samples with the different level of tacticity.147,148  
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Based on the rheology, thermal, and scattering data over the wide temperature 
range we have investigated, structure formation in these self-assembled gels can be 
hypothesized. At high temperature, the polymer chains are soluble in the solvent. With 
the decrease in temperature, the PMMA endblocks associate to form aggregates and a 
gel-like structure is observed with G larger than G. Also, the PMMA aggregates 
exclude most of the solvent and this resulted in the manifestation of a glass transition 
temperature. The gel is not homogeneous, as observed by the increase in intensity in low-
q range. With a further decrease in temperature, the endblocks continue to reduce 
interactions with the solvent, resulting in coalescence of the PMMA aggregates. 
However, the PnBA chains remain soluble in the solvent as the solubility of the PnBA 
chains does not change significantly with temperature. As a result, a complete phase 
separation (polymer phase and solvent phase) resulting in sedimentation has not been 
observed. Rather, a percolated cluster structure forms with the regions consisting of 
polymer-rich and polymer-poor phases. The polymer-rich phase has a characteristic 
length scale on the order of μm and the presence of such structure causes the turbidity of 
the sample. Also, the percolated cluster structure led to increase in mechanical properties 
of these gels.  
3.4 Conclusions 
The structural evolution, mechanical, and thermal properties of the triblock 
copolymer gels consisting of PMMA–PnBA– PMMA in mid-block selective solvents 
were investigated. The rheological study showed multiple transitions in elastic moduli 
values with a decrease in temperature. The initial transition corresponds to gelation in 
which modulus changes significantly. Another transition in elastic moduli has been 
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observed with further cooling, and finally, all the samples reached similar moduli below -
60 °C, likely due to the crystallization of the samples. Visually, a clear gel was observed 
at 22 °C; however, decreasing temperature to 4 °C, the gel became turbid exhibiting the 
macro-phase separation. With increasing polymer concentration, an increase in gelation 
temperature has been observed. Elastic moduli have also been found to increase with 
polymer concentration to about 30% by volume and beyond that concentration, the 
increase was not significant. Gel formation and gel mechanical properties were found to 
vary slightly with the solvents used here, butanol and 2-ethyl-1-hexanol. This is likely 
due to the difference in solubility parameters between the solvents and the PMMA 
blocks. The increase in intensity at the low-q range in SAXS provides an evidence of 
cluster formation at low-temperature range. Thermal analysis reveals that the aggregates 





ANISOTROPIC NANOPARTICLES CONTRIBUTING TO SHEAR THICKENING 
BEHAVIOR OF FUMED SILICA SUSPENSIONS 
4.1 Introduction 
Concentrated suspensions are found in consumer products and in many 
manufacturing processes.40,149 The flow behavior of these suspensions depend on  factors 
such as size and shape of the suspended particles, particle concentration and surface 
chemistry, and the interaction between the particles and suspending media.150–153 All of 
these factors in combination dictate the rheological behavior of the fluids, including 
shear-rate dependent viscosity behavior demonstrated by shear-thinning and shear-
thickening responses, yield stress, elasticity, etc.154,155 In shear-thickening fluids (STFs), 
viscosity increases abruptly beyond a critical shear rate (?̇?𝑐).
156,157 In drilling fluids, the 
shear-thickening behavior is detrimental.50 In contrast, such responses can be beneficially 
harnessed for applications including the enhancement in ballistic and stab resistance of 
personal body armor,158 vibration damping of skis and tennis rackets,158 and spacecraft 
shielding.159  
   A number of earlier investigations on STFs considered suspensions of high 
volume fraction spherical silica particles.46,160,161 For STFs, as rationalized for spherical 
particles, the viscosity increase beyond a critical shear rate has been attributed to the 
formation of transient, stress-bearing hydroclusters.156 The particles in concentrated 
 
64 
suspensions subjected to shear flow can move closer together as the fluid between the 
particles is displaced and hydrodynamic interactions become important.156 Attractive 
lubrication forces between the particles increase as the distances between the particles 
decrease. On the other hand, the Brownian motion of the particles and the repulsive 
forces caused by solvation layer compression as the particles approach, will deter the 
particles from coming closer together. At ?̇?𝑐, the attractive and the repulsive forces 
become equal, and multiple particles in closed orbits form hydroclusters. Beyond ?̇?𝑐, 
hydroclusters start to grow and an increase in viscosity (shear-thickening) is observed.161–
163 Hydrocluster formation has been simulated,156,164 and investigated experimentally.165–
167 These studies predict that hydroclusters become oriented along the shear plane’s 
compression axis.168,169 Both experimental and simulation studies have also captured 
friction-induced clustering of particles with rough surfaces.170–172 However, particles with 
solvation layers (as discussed below) may not experience significant friction. Since the 
hydroclusters/clusters are not bonded physically or chemically, they dissociate as the 
flow is removed. Thus, the shear-thickening response is mostly reversible.161  
Continuous, gradual shear thickening with spherical particles can be changed to 
discontinuous, rapid shear thickening through the addition of low volume fractions of 
anisotropic particles.173–175 For example, fractal fumed silica particles display distinct 
shear-thickening behavior at a low mass-fraction (MF) of 0.05 in poly(propylene 
glycol).176 Mixing and processing of these lower mass/volume fraction suspensions are 
relatively easy in comparison to high volume fraction spherical particle suspensions. 
Lower solid content also results in a significant mass reduction of STFs. Anisotropic 
particles with high aspect ratios have also been considered including multiwall carbon 
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nanotubes (MWNTs), acicular precipitated calcium carbonate (PCC) particles, rod-
shaped silicon carbide whiskers, cubic aluminosilicate zeolite, and carbon black/alumina 
suspensions.173–175,177 The aspect ratio of PCC was shown to play no role on the critical 
shear stress for shear thickening, but affected the transition from continuous to 
discontinuous shear thickening.173 Rheo-SANS results indicated that flow-oriented 
particle structure was mostly maintained throughout shearing. MWNTs with larger aspect 
ratios than PCC display shear thickening in N-methyl-2-pyrrolidone (NMP).173,174,178 
These tubes were not surface-functionalized, so shear thickening was flocculation-
induced rather than through hydrodynamics-driven hydrocluster formation. Interestingly, 
the flocculated fumed silica particles did not shear-thicken, but gel formation was 
observed.42    
Particle interactions with the dispersing medium (mostly the secondary bonding) 
is another important factor. For example, hydrophilic fumed silica forms hydrogen bonds 
to poly(ethylene glycol) (PEG) resulting in a well-dispersed, non-flocculating system, 
which is very stable. The characteristic time scale for association and dissociation of 
hydrogen bonding is faster than the deformation time scale. As the particles come close, 
the entropic penalty associated with the solvation layer compression plays an important 
role in shear thickening.160 Shear thickening of hydrophilic fumed silica nanoparticles in 
ionic liquids and ionic structure effects on suspension viscoelasticity have also been 
investigated experimentally.179  Such experiments revealed shear-thickening behavior by 
hydrophilic ionic liquids, while gel formation occurred in hydrophobic liquids, displaying 
shear thinning at high shear-rates. 
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Mixed-particle systems have been investigated to help in tailoring shear-
thickening responses. In these systems, the concentration of primary particle is much 
higher than that of the other (secondary) particle.180 Sha et al.181 have shown that both 
non-functionalized graphene nanoplatelets (GNPs) or MWNTs, when added as secondary 
particles, alter the shear-thickening behavior of 75 wt% spherical (650 nm) silica 
nanoparticle PEG suspensions.  Adding either 1-3 wt% of GNPs or MWNTs to silica 
suspensions resulted in lower critical shear rates for shear thickening versus the 
suspensions with only silica particles. Another study revealed adding non-functionalized 
MWNTs to high weight fraction (~ 44 wt%) fumed silica suspensions in PEG decreased 
viscosity and increased critical shear rate,182 contrary to the report by Sha et al.181 Non-
surface functionalized MWNTs and GNPs can flocculate in polar PEG, so mixing those 
in suspensions containing high MFs of silica can be a challenge. Stability of these 
suspensions can also be poor due to the absence of hydrogen bonding between the 
particles and PEG, and the large silica particle size.181,183  In another study, a surfactant 
was used to disperse MWNTs in a silica/ethylene glycol suspension to obtain a stable 
suspension.183 Here, the silica particle content was high (~ 64 wt%). These particles were 
of irregular shape with an average size of 2 µm.  In this study, shear-thickening improved 
with the addition of MWNTs, although, the concentration of nanotubes was low 
compared to other reports and our current study.181,182 Nanotubes were postulated to form 
a network, restricting the SiO2 particle motion, leading to shear-thickening.
183  
Hydrocluster formation in a mixed-particle system can depend on the difference 
in shape between the primary and secondary particles and on their size ratio. 
Hypothetically, to obtain maximum shear-thickening behavior, the particles pack closely 
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along the compression axis. Secondary particles that are larger than the primary particles 
may not orient along the compression axis and hinder hydrocluster formation. Results 
from mixed-particle systems can also be compared with the bimodal suspensions 
consisting of spherical particles with two different diameters. Increasing the mass fraction 
of small particles relative to the larger particles enhances shear thickening and increases 
the critical shear stress.45,180  
In this study, MWNTs functionalized with surface-hydroxyl functional groups or 
graphene oxide nanoplatelets (GONPs) were added independently into fumed silica 
suspensions in PEG to elucidate the effect of anisotropic carbon nanoparticles on the 
shear-thickening behavior of concentrated suspensions and to rationalize the 
contradicting results in the literature. These suspensions were well-dispersed and were 
stable for a prolonged duration versus those of non-functionalized nanoparticles. 
Hydrogen bonding between the particles and PEG stabilizes the suspensions. The onset 
and slope of shear-thickening strongly depend on the nanoparticles’ MF and shape. We 
attempted to elucidate the mechanism behind such shear-thickening changes.  
Our study was also motivated by the fact that carbon nanoparticles can alter the 
electrical and thermal transport properties of suspensions. These important properties can 
be a function of the applied shear-rate and the corresponding structural evolution.183 
Although investigations on the mixed-particle system are not common, change of 
electrical conductivity in nanoparticle suspensions has been widely reported.184,185 
Improved understanding of the flow behavior as investigated here can lead to a better 
control of mixed-particle system transport properties. Potential applications exist in 
multifunctional composites. Results from this study provide new understanding regarding 
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the rheological behavior of concentrated suspensions of mixed-particle systems having 
applications in many fields. 
4.2 Materials and Methods 
Aerosil 200 silica or A200 (Evonik Industries), two types of MWNTs (Cheap 
Tube Inc.) with different lengths, 0.5-2 µm, and 10-30 µm, respectively, but of the same 
diameter (outer diameter 10-20 nm) were used.  These tubes are defined as short-
MWNTs (S-MWNTs) and long-MWNTs (L-MWNTs), respectively. GONPs were 
synthesized using exfoliated graphite provided by Asbury Carbons (CAS#7782-42-5, 
grade 3806). An improved Hummers’ method was used for GONPs synthesis.186 
Hydroxy-terminated poly(ethylene glycol) (PEG), with an average molecular weight of 
200 (PEG 200) was purchased from Fisher Scientific and used as received. 
4.2.1 Characterization 
 Transmission electron microscopy (TEM) and atomic force microscopy (AFM) 
were utilized to characterize the nanoparticles. A JEOL 2100 200 kV microscope 
captured the TEM images. Dilute GONPs in water were deposited on 300 mesh formvar 
lacy carbon-coated on copper grids for TEM experiments. TEM was also used to study 
the suspensions consisting of fumed silica, fumed silica and MWNTs/GONPs suspended 
in PEG 200. Here, the suspension of interest was diluted with ethanol, deposited on 
carbon-coated copper grids. Ethanol was removed under vacuum for 2 h before TEM 
experiments. A Dimension Icon AFM (Bruker Corporation) was used for AFM imaging. 
A drop of a dilute GONP water solution was deposited on a glass substrate and dried 
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before each AFM experiments. A silicon nitride probe with a spring constant of 3 N/m 
was used.  
X-ray diffraction (XRD) analyses were carried out with CuKa radiation (λ = 
1.5406 Å) in the 2θ = 5-50˚ range at a scan rate of 0.2 °C.min-1 and a 0.02 step size. The 
GONPs’ degree of oxidation was characterized using K-Alpha X-ray Photoelectron 
Spectrometer (XPS) (ThermoFisher Scientific) with an Al Kα (1486.6 eV) X-ray source. 
The survey and high-resolution (HR) spectra were taken at pass energies of 200 eV and 
40 eV.  
Fourier transform infrared spectrometry (FTIR) identified organic groups in 
mixed particle suspensions in PEG using a Nicolet 6700 FT-IR spectrometer (Thermo 
scientific Co). All testing was conducted in transmission mode, and each spectrum was 
captured from 600 to 4000 cm-1 by averaging 32 scans at a resolution of 4 cm-1. 
4.2.2 Sample Preparation 
MWNT dispersions were prepared by mixing various MFs of S-MWNT and L-
MWNT in PEG 200. Sample compositions including the MF and VF of A200, MWNT, 
and GONP are shown in Table 1. Initially, nanotube/PEG samples were sonicated using a 
tip sonicator (Fisher Scientific, CL-334) for 15 min. A200 silica was then mixed into that 
suspension using a high-shear mixer (Silverson L4RT-A) at 6000 rpm for 40 min giving 
homogeneous suspensions. Air bubbles were removed by vacuum degassing for 12 h. 
Samples with GONPs were prepared by this same procedure, except a bath sonicator 
(Bransonic CPX1800H) was used for 4 h instead of the tip sonicator. All samples had a 
0.15 MF of A200 silica. The MF of MWNTs, GONPs, and PEG were calculated by 
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considering constant total mass. The true-densities of A200 silica, MWNT and GONP are 
2.22 g ml-1, 2.1 g mL-1 and 2.26 g mL-1, respectively.   
Table 4.1 Sample details including the mass fractions (MFs) and volume fractions 









MF of MWNT or 
GONPs 
VF of MWNT or 
GONPs 
PEG N/A N/A N/A N/A 
PEG + 0.02 MF  
S-MWNTs 
N/A N/A 0.02 0.118 
PEG + 0.015 MF  
L-MWNTs 
N/A N/A 0.015 0.008 
PEG + 0.02 MF  
GONPs 
N/A N/A 0.02 0.110 
PEG + Fumed Silica 0.15 0.0820 N/A N/A 
PEG + Fumed Silica + 
0.002 MF S-MWNTs 
0.15 0.0821 0.002 0.0012 
PEG + Fumed Silica + 
0.01 MF S-MWNTs 
0.15 0.0822 0.01 0.0058 
PEG + Fumed Silica + 
0.02 MF S-MWNTs 
0.15 0.0829 0.02 0.0117 
PEG + Fumed Silica +   
0.002 MF L-MWNTs 
0.15 0.0821 0.002 0.0012 
PEG + Fumed Silica + 
0.01 MF L-MWNTs 
0.15 0.0822 0.01 0.0058 
PEG + Fumed Silica + 
0.015 MF L-MWNTs 
0.15 0.0826 0.015 0.0087 
PEG + Fumed Silica + 
0.01 MF GONPs 




4.2.3 Rheological Experiments 
Steady and dynamic shear rheology experiments were performed using a TA Instruments 
Discovery Hybrid 2 rheometer with 40 mm parallel plates at 20 °C. The gap was 
maintained at 1 mm. Strain sweep experiments were performed by varying the strain 
amplitude from 0.1% to 1000% at a frequency of 1 rad s-1. Flow sweep experiments were 
performed at the shear rates of 0.1 s-1 to 1000 s-1 at 20 °C. A 60 s pre-shear step at a shear-
rate of 1 s-1 was applied before the flow sweep tests. All experiments were repeated at least 
three times on two different sample batches (six total repeats). The error bars on the 
rheological results indicate one standard deviation. For the same batch, the experimental 
variation was very small but the variation was as high as 20% between two different 
batches.  
4.3 Results and discussion 
4.3.1 Characterization of Nanoparticles 
GONPs were characterized using AFM, TEM, XRD, and XPS. TEM and AFM 
images (Figures C.1 and C.2) show the GONPs have lateral dimensions in the range of 
500 nm to 1 m versus thicknesses from 1.1 to 2.6 nm, signifying only 2-3 graphene 
layers are present in the GONPs. Considering width, W500 nm, and thickness, T1.1-
2.6 nm, the GONP aspect ratios are ~200-500. The interlayer spacing between graphene 
plates is representative of the oxidation level.186,187 The XRD data (Figure C.3) confirmed 
the basal plane spacing increased from graphite’s value of 0.34 nm to 0.93 nm for 
PEG + Fumed Silica + 
0.02 MF GONPs 
0.15 0.0829 0.02 0.0109 
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GONPs.186,187 XPS analysis of GONP samples determined the level of oxidation.188 Both 
low and curve-resolved high-resolution spectra are shown in Figure C.4. The HR 
spectrum was deconvoluted to determine the existence of different functional groups and 
their relative quantities. These synthesized GONPs consist of about 51% oxidized carbon 
and 49% graphitic carbon with the following order of abundance of oxygen functional 
groups C=O > C-O > O-C=O (Figure C.4). 
 
Figure 4.1 TEM micrographs of (a) A200 silica, (b) S-MWNTs and A200 silica, and 
(c) GONPs and A200 silica. 
The PEG suspensions were diluted with ethanol and were dried before TEM experiments. 
The samples may contain a small amount of residual PEG. 
 
The TEM image (Figure 4.1a) of A200 silica exhibits loosely interconnected 
branched-aggregates of 12 nm diameter primary particles fused together in fractal 
structures (100-200 nm) as previously reported.43,189 The surface area of A200 silica is 
200 m2/g.43 This surface is covered with both isolated and bridged silanol groups with 
densities of 1.15 nm-2 and 1.5 nm-2, respectively.190  
S-MWNTs with 0.5-2 µm lengths and L-MWNTs (10-30 µm long) were used in 
this study. Both types of MWNTs had outer and inner diameters (D) of 10-20 nm, and 3-
5 nm, respectively. The aspect ratios (L/D) for the MWNTs varied from 25 to 200 for the 
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short tubes and 500 to 3000 for the long tubes. The supplier-provided specific surface 
area is 233 m2/g for the MWNT samples. Using a 3-4 wt% OH content in these MWNTs 
(provided by the supplier), the OH group surface density was estimated to be 4.56 nm-2. 
Furthermore, the GONPs synthesized here have a surface area of ~500 m2/g.191,192 Short 
nanotubes (0.015 MF) intermingled with silica surfaces (0.15 MF) are shown in Figure 
4.1b. In contrast, evidence of silica particle aggregation on GONP surfaces likely due to 
hydrogen bonding (H-bonding) between GONPs and fumed silica as ethanol dried during 
sample preparation, can be seen in Figure 4.1c (also see Figure C.5). During high-shear 
mixing, the particles become well dispersed in PEG 200. These suspensions are stable for 
a prolonged duration and no phase separation has been observed for weeks in stored 
samples.  
4.3.2 Molecular Interactions 
The surface chemistry of these MWNTs and GONPs plays a significant role in the 
rheological responses due to their large surface areas. The hydroxyl group surface density 
on the MWNTs (4.56 nm-2) is approximately twice that of the silanol groups on A200 
silica. Similarly, the hydroxyl, ketone, epoxy, and carboxylic group surface densities on 
the GONPs are 5.33 nm-2. These functions can readily hydrogen bond to the silanol 
groups on A200 surfaces, and with the ether and terminated hydroxyl groups of PEG.  
FTIR spectra exhibited OH stretching of PEG at 3411 cm-1 which shifted toward lower 
wavenumbers of 3400, 3399, and 3396 with the addition of fumed silica, GONPs, and S-
MWNTs, respectively. This confirmed enhanced hydrogen bonding occurred between 
PEG’s terminal hydroxy functions and silanol groups of fumed silica and/or surface 
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functional groups (carboxylic/hydroxyl/ether) of nanoparticles (Figure C.6). Hydrogen 
bonding between PEG and silanol groups of fumed silica particles has also been reported 
in the literature as the peak at ~3400 cm-1 shifts towards lower wave numbers.62 This results 
in a solvation tight layer around the particles. Without this solvation layer, flocculation of 
silica nanoparticles can take place, as observed in a system where the PEG molecules were 
end-capped with methyl groups.42,62 A PEG solvation layer also hinders nanotube and 
GONP flocculation similar to fumed silica, i.e., the nanoparticles will not undergo 
significant H-bonding forces between nanoparticles which promotes aggregation. The fully 
stretched length of PEG 200 is 1.8 nm, therefore, the minimum thickness of the solvated 
layer can be considered to be of the same order.160  
 
4.3.3 Rheological Investigations 
The effect of suspended particle shape and size on rheological responses were 
investigated by examining the steady shear and dynamic rheology of PEG suspensions 
containing MWNTs and GONPs. Figure 4.2a displays the Newtonian behavior of neat 
PEG over the shear rates of 1 s-1 to 1000 s-1. The results below the shear rate of 1 s-1 
could not be captured due to the lower limit of the measurable torque in our instrument. 
In addition to PEG 200, results for the suspensions in PEG 200 of L-MWNT (0.015 MF), 
S-MWNT (0.02 MF) and GONPs (0.02 MF) are displayed in Figure 4.2a. These MFs 
correspond to the maximum nanoparticle MFs considered, because good mixing of 
MWNTs into silica suspensions cannot be achieved above these MFs. Adding MWNTs 




All viscosity versus shear rate responses for these nanoparticle suspensions 
display high viscosities at low shear rates, followed by decreasing viscosities as shear 
rates rise (Figure 4.2a). However, the viscosity drop for the MWNT suspensions was not 
continuous. A small plateau or change in slope was observed at intermediate shear rates. 
For example, for 0.02 MF of S-MWNT, shear thinning was observed from 0.1 s-1 to 0.3 s-
1. At intermediate shear rates of 0.3 s-1 to 0.6 s-1, the S-MWNT suspension viscosity 
became almost constant and then it continued to decrease above the shear rate of 0.6 s-1. 
The viscosity almost plateaued beyond the shear rate of 100 s-1. The initial viscosity of 
0.015 MF of L-MWNT is one order of magnitude higher than 0.02 MF of S-MWNT. 
With increasing shear rate, the viscosity of 0.015 MF of L-MWNT decreased but 
remained higher than the other samples. Shear thinning was observed for the GONP 
suspension with a decreasing slope, becoming almost constant above a shear rate of 500 
s-1. The low-shear viscosity for the S-MWNT suspension was found to be slightly higher 
than for the same MF of GONPs, however, the high shear-rate values were similar. 
Figure 4.2b represents storage moduli (G) and loss moduli (G) for the same suspensions 
as a function of applied strain amplitude. PEG 200’s very low moduli could not be captured 
because of measurement limitation of our rheometer. The nature of suspended particles 
plays a role in the dynamic rheology responses similar to steady-shear rheology results. At 
low strain amplitude, both G and G were independent of applied strain amplitude in the 
linear viscoelastic region (LVE) for all samples. However, a decrease in G and G was 
observed beyond a critical strain, i.e., the samples strain-soften. In general, in the LVE 
region, G was almost an order of magnitude higher than G for both L- and S-MWNT 
suspensions. At higher strain values, a crossover was observed, where G  became higher 
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than G. The low-strain modulus for the L-MWNT suspension was larger than that of the 
S-MWNT suspension. For the GONP suspension, G is slightly higher than G in the LVE 
region. Interestingly, the critical strain corresponding to crossover (strain-softening 
behavior) was lower for S-MWNT and L-MWNT than GONP suspensions. The yield stress 
values are 30, 4 and 1.4 Pa for L-MWNT, S-MWNT, and GONP suspensions, respectively 
(Figure 4.2c). 
 
Figure 4.2 Steady shear and dynamic rheology results for PEG 200, and suspensions 
containing GONPs, S-MWNT and L-MWNT. 
(a) Steady shear viscosity vs. shear rate. (b) Elastic (G) and loss (G) moduli as a 
function of strain amplitude. (c) Yield stresses. The lines are for visual guidance only.  
 
The viscosity versus shear rate data of MWNT suspensions (Figure 4.2a), particularly, 
at high MF, has some resemblance to the viscosity behavior of nematic liquid crystalline 
materials, i.e., three regions in viscosity versus shear rate curves.40,193,194 For 0.02 MF S-
MWNT and 0.015 MF L-MWNT suspensions, the rod number density (𝜐) is  2.91013 
cm-3 and 1.4 1012 cm-3, respectively. 𝜐 is the same order of 
1
𝑑𝐿2
≈ 3  1013 cm-3 for S-
MWNTs and more than ~1.251011 cm-3 for L-MWNTs. Here, L and d are the average 
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tube length and diameter, respectively. Based on Doi’s theory, the formation of a nematic 
liquid crystalline state is expected at this concentration.40 However, the 0.02 MF S-MWNT 
suspension did not display clear birefringent domains under cross-polar microscopy, which 
is typical for liquid crystals. Nanotubes in our samples have not been highly purified and 
have significant polydispersity. Such polydispersity likely has hindered the formation of a 
liquid crystalline phase,195 although the rheological response has some signature of liquid 
crystalline materials. Formation of a flow-induced nematic phase, as observed for MWNTs 
in polyisobutylene,196,197 is a possibility. However, we have not investigated the structural 
investigation during the flow.196,197 
A similar estimation can be performed for GONPs. The critical volume fraction (c) for 




 according to Onsager theory.198 Using W  500-1000 nm and T  1.1-2.6 
nm for our sample gives c  0.0044-0.0208. Table 4.1 shows the highest GONP volume 
fraction used here is  0.01, which occurs in the theoretical prediction from the isotropic 
to nematic transition range of c. The GONP number density is  1.6  1013 cm-3, and was 
estimated using GONP dimensions (W and T) measured here. This is on the same order as 
 2.971013 cm-3 estimated for the same S-MWNT MF. The GONP samples did not 
display birefringence domains, except at small places, a result similar to that found for the 
0.02 MF S-MWNT suspension.195 Therefore, the GONP samples are mostly isotropic,  
however, a soft shear-thinning behavior was observed (Figure 4.2a) similar to those 
observed for GONP water suspensions.199  
 
78 
Nanotube suspensions display G values about one order of magnitude greater than G, 
representing soft solid-like behavior (Figure 4.2b). This is likely due to temporary network 
formation caused by nanotube entanglement or topological constraints. Similar network 
structures have been reported for SWNTs in high molecular weight PEG and MWNTs in 
low molecular mass polyisobutylene.196,200,201 The temporary network structure dissociates 
at higher stress/strain, as displayed by the yield stress. A higher yield stress in long tube 
suspensions versus short tubes indicates a stronger network structure in the former. As the 
structure yields at higher strain amplitude, the viscous response exceeds the elastic 
response.  
As described previously, PEG containing nanoparticles displayed interesting rheological 
behavior. Next, the effects of added nanoparticles on the rheology of silica suspensions 
were investigated and compared to the results for suspensions containing only fumed silica 
in PEG.160 Figures 4.3a and 4.3b display the viscosity versus shear rate plots of 0.15 MF 
silica suspensions containing different MFs of S-MWNT and L-MWNT, respectively. The 
increase in viscosity associated with the addition of S-MWNTs (Figure 4.3a) is slightly 
lower than L-MWNTs (Figure 4.3b) for the same concentration. As the shear rate 
increased, the viscosity dropped initially in both cases. More shear thinning developed with 
increasing nanotube concentrations and larger tube aspect ratios (i.e., L-MWNTs). The 
slope of the shear-thinning region changed from  -0.44 to -0.92 as the MF of S-MWNT 
rose from 0.002 to 0.02.  
For S-MWNT suspensions (Figure 4.3a), initial shear-thinning was followed by 
subsequent shear thickening. The viscosity rise was clearly observed at low nanotube MFs, 
whereas, the viscosity increase was not significant for the highest S-MWNT MF. The slope 
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of the viscosity versus shear stress during shear thickening can distinguish continuous 
versus discontinuous shear thickening, where a slope greater than one indicates 
discontinuous thickening.170 Our samples manifest continuous shear thickening (Figure 
C.7).  
The degree of shear thickening was reduced by longer nanotubes (Figure 4.3b). L-
MWNT samples did not display significant shear thickening. A small viscosity rise was 
only observed at 0.002 MF (Figure 4.3b). Moreover, the increased viscosity could only 
be captured until the samples are ejected from the geometry causing a drastic viscosity drop 




Figure 4.3 Shear and dynamic rheology results with the addition of MWNTs in a 0.15 
MF fumed-silica suspension in PEG. 
Steady shear results for (a) S-MWNT and (b) L- MWNT. Dynamic moduli for (c) S-
MWNT and (d) L- MWCNT.  The lines are for visual guidance only. For clarity, every 
fourth data point is shown (complete dataset is plotted in Figure C.11). 
 
Figures 4.3c and 4.3d display the dynamic rheological responses of silica 
suspensions in PEG-containing S-MWNTs and L-MWNTs, respectively. Silica in PEG 
without nanotubes exhibited a liquid-like behavior with G>G. Both G and G increased 
with MWNT addition to silica suspensions. The dynamic moduli (G, G) are lower for 
fumed-silica/MWNTs/PEG suspensions than for MWNT/PEG suspensions. The 
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difference between G and G decreased in LVE region and ultimately G>G. For a 
given MWNT MF, the moduli decreased beyond a critical strain and a crossover between 
G and G occurred similar to MWNT containing silica suspensions. This was 
particularly true for the samples containing L-MWNTs with fumed silica, at the highest 
MF. This decrease can be due to the disruption of the temporary network formation in 
nanotube suspensions.  
Steady and dynamic rheological experiments on GONP suspensions with silica were 
performed to further analyze the effect of particle shapes on rheological behavior. Figure 
4.4a displays the viscosity increase with GONPs added. The viscosity increased with the 
addition of GONPs. The increase in viscosity is more pronounced at a higher GONP MF 
(0.02) in which it increased by about one order of magnitude to above fumed silica 
suspension at a 0.2 s-1 shear-rate. GONP suspensions shear-thinned, followed by shear 
thickening. Adding GONP MFs of 0.01 and 0.02 decreased the critical shear rates of the 
fumed silica suspension from 80 s-1 to 30 s-1 and 20 s-1, respectively. Both G and G values 
of 0.15 MF fumed silica suspensions containing GONPs increased with increasing GONP 
concentration (Figure 4.4b). G and G  became similar in the LVE region for a 0.02 GONP 
MF, indicating viscoelastic fluid-like behavior. In contrast, G was higher than G  for 




Figure 4.4 Steady and dynamic rheology results for a 0.15 MF suspension of fumed 
silica in PEG, and 0.01 and 0.02 MFs of GONPs added into fumed silica 
suspension. 
(a) Steady shear viscosity vs. shear rate, (b) elastic (G) and loss (G) moduli as a 
function of strain amplitude. For clarity, every fourth data point is shown (complete 
dataset is plotted in Figure C.12). 
The fumed silica suspension’s shear thickening process can be explained by 
considering the formation of shear-induced hydroclusters. MWNTs or GONPs in fumed 
silica suspensions influence rheological responses and hydrocluster formation. Nanotubes 
disentangle and start to orient in the flow direction with increasing shear-rates.196,202,203 
The nanotube orientation in these suspensions depends on the flow strength, the large 
MWNT persistence lengths,204 and nanotube concentrations, since their motion can be 
hindered in a crowded environment consisting of fumed silica and nanotubes. During 
nanotube orientational changes, portions of one nanotube can come into proximity with 
another nanotube. However, it is unlikely that multiple nanotubes will occupy close orbits 
forming hydroclusters. The PEG solvation layer also deters nanotube flocculations, as 
seen in some previous nanotube suspension studies, where shear thickening caused by 
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flocculation was observed.178 Additionally, nanotubes can hinder hydrocluster formation 
by fumed silica particles. Thus, shear thickening became less pronounced with increasing 
nanotube concentration. A possible structural change during this process is shown in 
Figure 4.5a-b. 
 
Figure 4.5 Proposed structural evolution of MWNTs and GONPs in fumed silica 
suspensions subjected to shear. 
MWNTs in fumed silica (a) at rest and (b) subjected to shear. GONPs in fumed silica 
suspension (c) at rest and (d) under shear. 
 
Suspensions of GONPs with fumed silica shear-thicken. The GONPs are plate-like 
particles with lateral dimensions similar to S-MWNTs but smaller than L-MWNTs. Unlike 
nanotubes, nanoplatelets cannot entangle, as manifested by their mostly viscoelastic fluid-
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like behavior, captured in their dynamic rheology (Figure 4.4b). The GONPs’ large surface 
area causes orientation in flow direction trapping fumed silica particles between the 
platelets (Figures 4.5c-d). This can promote hydrocluster formation beyond ?̇?𝑐. Thus, shear 
thickening was observed for these suspensions at lower ?̇?𝑐.  
The flow-history effect on sample microstructure and shear-thickening responses were 
analyzed by performing a sequence of rheology tests on 0.01 S-MWNT MF with 0.15 
fumed silica MF samples. Strain sweep, flow sweep and time sweep results appear in 
Figure 4.6. Strain sweep was initially conducted (step #1), showing G>G in LVE region, 
indicating a soft solid-like behavior. After conditioning (step #2), flow sweep (step #3) and 
strain sweep (step #4) were conducted next. Interestingly, strain sweep (step #4) displayed 
a liquid-like behavior, as evident from G> G, indicating the structure changed during the 
flow sweep. The nanotubes may have disentangled (resulting in a drop of G) and oriented 
during flow sweep. This sample was then relaxed for about 60 min, and increases in G and 
G during relaxation were captured using a time sweep (step #5) where, G is still greater 
than G. Strain sweep (step #6) was performed after relaxation, causing viscoelastic liquid 
behavior and a smaller gap between G and G. Time sweep (step #7) was conducted to 
allow the further relaxation. Finally, shear thickening was captured next during flow sweep 
(step #8). These results (step #8) are different than those in first flow sweep (Figure C.8). 
The nanotubes possibly lose their orientational order and start to entangle again during 
relaxation. Although a plateau was observed in the relaxation experiments, the structure 
did not fully recover its initial structure. A similar experiment was performed on only 0.15 
MF fumed silica in PEG (Figure C.9). We also compared the extent of shear thickening 
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with step #8. The change in viscosity captured after the relaxation time exhibited a similar 
extent of shear thickening (Figure C.10). However, the shear-thickening in the nanotube-
containing suspension is less pronounced than the one observed in fumed silica suspension 
(Figure C.8). 
 
Figure 4.6 The rheological test sequence for 0.01 MF of S-MWNT in a 0.15 MF 
fumed silica suspension. 
a) Elastic and loss modulus vs strain, (b) viscosity vs shear rate and (c) elastic and loss 
moduli vs time. The lines are for visual guidance only. For clarity, every fourth data point 
is shown (complete dataset is plotted in Figure C.13). 
 
 
The above results indicate that nanotubes can be oriented during the flow. Furthermore, 
the extent of shear thickening does not depend on the orientation of nanotubes. The shear-
thickening process is mostly dictated by fumed silica. To understand the effect of fumed 
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silica on suspension rheological properties, flow sweep and strain sweep experiments were 
run on a constant S-MWNT MF of 0.01, but at two additional fumed silica MFs of 0.075 
and 0.225. As the fumed silica MF rises from 0.075 to 0.225, the viscosity increased (one 
order of magnitude) over the whole shear-rate range (Figure 4.7a). Adding S-MWNTs had 
a larger effect on the initial viscosity increase. For example, the initial viscosity for a 0.075 
MF of fumed silica is around 0.4 Pa.s. This increased to about 100 Pa. s upon adding a 0.01 
S-MWNT MF. A steeper shear thinning and higher shear thickening extent was observed 
at the higher fumed silica MF of 0.225. However, the addition of S-MWNT hindered shear 
thickening in 0.075 MF of fumed silica. This confirmed that S-MWNTs restrained shear 
thickening and hydrocluster growth even at higher fumed silica contents. Strain sweep 
experiments on fumed silica suspensions (Figure 4.7b) displayed G  higher than G, 
indicating liquid-like behavior. G  became greater than G upon adding S-MWNTs. The 
elastic moduli of fumed silica suspensions with S- MWNTs did not change significantly 
by raising the fumed silica MF from 0.15 to 0.225. But, a slight increase in G occurred 
with higher fumed silica contents, confirming that fumed silica did not play a crucial role 





Figure 4.7 Steady shear and dynamic rheology results for suspensions containing S-
MWNT and fumed silica. 
(a) Steady shear viscosity vs. shear rate, (b) elastic (G) and loss (G) as a function of 
strain amplitude. The lines are for visual guidance only. For clarity, every fourth data 
point is shown (complete dataset is plotted in Figure C.14). 
Incorporation of anisotropic particles with high aspect ratios in fumed silica suspensions 
allows precise control of viscosity under shear. It is important to assess whether adding 
nanoparticles is beneficial in obtaining a similar behavior with lowering solid content. The 
0.225 MF fumed silica suspension results here were compared with a suspension 
containing a 0.15 fumed silica MF and 0.02 GONP MF (Figure 4.8). A higher initial shear 
viscosity was observed upon addition of 0.02 GONP MF to 0.15 MF fumed silica compared 
to the suspension with a 0.225 MF fumed silica. This signifies the important effect of 
GONPs in preparation of light weight shear thickening fluids. However, the GONP 
concentration may not be increased without limits because gel formation can occur at 




Although GONP addition caused shear thickening, the addition of nanotubes did not 
induce this effect. We believe that MWNTs with higher flexibilities form entangled 
structures and prevent hydrocluster growth under flow. Shear thickening can be enhanced 
by using shorter tubes without entanglements. It is also worth exploring the incorporation 
of stiffer tubes to tune the dynamic and steady flow behavior of fumed silica suspensions.  
 
Figure 4.8 Viscosity versus shear rate for 0.225 MF of fumed silica in PEG, and 0.02 
MF GONPs in 0.15 MF fumed silica in PEG. 







In this study, the effect of surface functionalized MWNTs and GONPs on the rheological 
behavior of fumed silica suspensions was investigated. The functional groups on these 
particles form a hydrogen bond with PEG resulting in stable suspensions. Addition of 
MWNTs and GONPs in fumed silica suspensions increased the viscosity and elastic moduli 
of the suspensions. For the MWNTs containing suspensions, elastic modulus was found to 
be higher than loss modulus at low-strain, i.e., the samples behave like soft-solids. Such 
elastic behavior is attributed to the entangled network structure of nanotubes. Fumed silica 
suspensions when subjected to shear-flow, display a shear-thickening behavior beyond a 
critical shear-rate. However, in nanotube containing suspensions, the shear-thickening 
behavior disappeared with increasing concentration of nanotubes, likely because of 
difficulty in forming hydroclusters. In contrast, GONPs enhance the shear-thickening 
behavior. Adding only a 0.02 GONP MFs into 0.15 fumed silica MF decreased the critical 
shear rate from 100 s-1 to 10 s-1 in comparison with a 0.225 fumed silica MF suspension. 
The GONPs’ large surface area causes trapping fumed silica particles between the platelets 
and formation of hydroclusters. Our results indicate that rheological behavior of dense, 
mixed-particle suspensions can be altered by changing the concentration and the aspect 









NONLINEAR VISCOELASTICITY OF FUMED SILICA SUSPENSIONS IN LARGE 
AMPLITUDE OSCILLATORY SHEAR 
5.1 Introduction 
The rheology and flow of colloidal suspensions have attracted a lot of interest in 
recent years.156,206 Shear-thickening fluids (STFs) are non-Newtonian fluids with a wide 
range of applications in paints, soft-body armors, bullet-proof materials, and 
dampers.153,156 They composed of dense-solid particle concentrations in liquids with 
Newtonian behavior. The early studies on shear-thickening systems were raised from the 
need to reduce the damage on processing equipment, including breaking or fouling of 
spraying pumps.207,208  
The increase in viscosity in STFs occurs beyond a critical shear-rate which is 
known as ?̇?𝑐. Shear thickening is dependent on various parameters including the particle 
concentrations, liquid medium, particle-particle interactions, and temperature. 
Hydrodynamic clustering has been introduced as the mechanism for shear-thickening 
which is controlled by hydrodynamic-lubrication forces.45,154,209 For example, Brownian 
dispersions with small to medium particle volume fractions which are stabilized by 
electrostatic or steric forces have shown the shear-thickening behavior due to the 
formation of hydroclusters.156 The different types of interactions between the particles 
such as Brownian and electrostatic interactions leads to suspension flow at low shear-
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rates. However, as the shear rate increases, the hydrodynamic forces dominate the 
repulsive interactions between the particles and results in hydrocluster formation. The 
formation of hydroclusters is affected by various parameters including interparticle 
forces, Brownian motion, and hydrodynamic interactions.210 Various techniques such as 
scattering and simulations were used to analyze the shear-thickening behavior in 
Brownian and non-Brownian dispersions.209,211,212 The simulation studies have shown 
that shear thickening is a transition from lubricated near-contacting to frictionally 
contacting particles under the stress.213 It has been shown that the continuous shear 
thickening versus shear rate is predominantly triggered by hydrodynamic 
interactions.156,214,215 In continuous shear-thickening, the shear thickening behavior is 
purely due to hydrodynamic forces with negative normal stress difference.168,216 The 
shear-thickening phenomenon is a reversible process in which the fluids turn back to their 
initial structure after removing the stress.156  
Understanding the shear-induced structural changes of complex fluids is 
fundamental in a number of industrial processes, in which a high level of shear is applied 
for many applications. The nonlinear viscoelastic behavior of shear-thickening 
suspensions has not thoroughly been investigated in dynamic flow conditions at large 
strain amplitudes. Simple shear rheological investigations can only capture the viscosity 
as a function of shear-rate, whereas, oscillation experiments exhibit how the viscous and 
elastic contributions change/evolve as a function of shear or strain-rate. In steady shear 
experiments, due to the fast deformation of the materials at high shear rates, the data 
hardly provides information regarding the microstructure of the samples.217  
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 Here, we have investigated the shear-thickening behavior and the microstructural 
changes of fumed silica suspensions under large amplitude oscillatory shear (LAOS) at 
various frequencies. Higher harmonic contributions obtained from measurements  
provide additional insights into understanding the microstructure and mechanisms 
leading to nonlinear viscoelastic response. The degree of nonlinearity can also be 
identified based on higher stress harmonics.208  
5.2 Materials and Methods 
Hydrophilic fumed silica particles, Aerosil 200 (A200) with a specific surface 
area of ~200 m2/g and primary particle size of ~12 nm was obtained from Evonik 
Industries. Poly(ethylene glycol) of molecular weight 200 g/mol (PEG200) was 
purchased from Sigma Aldrich and was used as received. Three shear-thickening fluids 
were prepared  consisting of different mass fractions (MFs) of A200 fumed silica of 0.15, 
0.225, and 0.3 in PEG200, a Newtonian fluid. The fumed silica particles were dried in an 
oven at 105 °C for at least 24 h and then dispersed in PEG200 using a Silverson L4RT-A 
high shear mixer for 30 mins. After mixing the samples were degassed in a vacuum oven 
for approximately 1 h to remove entrapped air in these suspensions resultant of high 
shear-mixing.   
Rheological experiments on the STFs were conducted at room temperature, using 
a strain-controlled TA Instruments ARES G2 rheometer using a 25 mm Cone and 
Partitioned Plate (CPP) geometry. In this geometry, just the central portion of the plate is 
coupled with the stress measurements. The advantages of using CPP geometry are related 
to the reduction in the edge fracture and wall slip effects at high imposed shear-rates due 
to the large sample volume and normal force exerted on the samples.218 A steady pre-
 
93 
shear of 10 s-1 was applied for 60 s to remove the shear history of samples before the 
rheological experiments, and the samples were allowed to rest for 20 s to reach to the 
equilibrium. Steady shear experiments were performed over the shear rate range of 1 to 
1000 1/s. Oscillation amplitude experiments were conducted for different frequencies of 
1 rad/s, 10 rad/s and 30 rad/s over the strain amplitude of 0.1 to 100. MITlaos software 
was used to estimate the third-order Chebyshev coefficient, minimum or maximum 









L ).  
5.3 Results and Discussion 
5.3.1 Large Amplitude Oscillatory Shear (LAOS) 
Dynamic oscillation rheology experiments were performed to analyze the 
rheological behavior of viscoelastic materials. LAOS is a method to analyze the transition 
from linear to nonlinear behavior by increasing the applied strain amplitude at a given 
frequency.217 The shear stress of a viscoelastic material subjected to a sinusoidal shear 
strain of    tt  sin0  can be written in the form of:  
 




000 cos,sin,   (5.1) 
Where,   is the shear-stress response, 𝛾0is the applied oscillation strain 
amplitude,  is the angular frequency, 𝐺𝑛
′ and 𝐺𝑛
′′are the nth harmonic elastic and loss 
moduli, respectively. In the linear viscoelastic (LVE) regime, the first harmonic is equal 
to the nth harmonic, while the single harmonic cannot be used to interpret the 
viscoelasticity at large strains. The first harmonic elastic and loss moduli provide the 
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information about the average elasticity versus  and 𝛾0 , and one cannot investigate the 
local elastic reponse at small or large deformations by using those parameters.52 
Chebishev polynomials of the first kind are used to analyze the elastic and loss moduli in 
nonlinear regime.52  
The nonlinear elastic moduli within an oscillatory cycle are related to Chebyshev 






























Here, GM is the minimum dynamic strain modulus or tangent modulus at γ=0, and GL is 
the large dynamic strain modulus or secant modulus at the maximum imposed strain within 
an oscillatory cycle. 
1e  and 3e  are the first- and third-harmonic Chebyshev polynomial 





≪ 1), MG = LG = 1G =G and the 
Lissajous–Bowditch curves show elliptical shapes with local tangent modulus at 0  
















<0 indicate the intra-cycle strain-stiffening and softening of the elastic response. 






LG , respectively.  
 For intra-cycle measurements, the strain and strain rate are changing 
orthogonally, meaning that the strain-rate is maximum when the strain is zero and vice 
versa.52 Therefore, one can predict the nonlinearity within an oscillatory cycle by 
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changing the strain or strain-rate. For example, the variation of 
'
LG with increasing the 
strain amplitude indicates that the nonlinearity is dominated by strain amplitude since the 
strain-rate is zero at maximum strain, and the change in 
'
MG  illustrates the strain-rate 
induced nonlinearity due to zero strain.208 
The nonlinear viscous material properties can be defined as:52  
 




































M  and 
'
L  are the dynamic viscosities at minimum and maximum strain rates. 1  
and 
3  represent the first- and third-harmonic viscous Chebyshev coefficients.
52 In the 





≪ 1), M = L = 1==

G 
. The first harmonic material 
functions,    0101 ,,  Ge   and    0101 ,,    represent the average of the 










<0 illustrate the 
intra-cycle strain-rate/shear-thickening and strain-rate/shear-thinning of the viscous 






L  and  illustrate the 
shear/strain-rate thickening and thinning, respectively. 
5.3.2 Steady and Dynamic Tests 
Figure 5.1 depicts the variation in steady shear viscosity  versus steady shear 
rates  , and oscillatory complex viscosity (dynamic viscosity) * versus dynamic shear 
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rates ( 0 ) of A200 fumed silica suspensions with different MFs. The complex viscosity 
can be obtained from the G and G by using    /* 2
1
2"2' GG  .220 In the nonlinear 
regime,  *, G, and G are dependent on both the strain and frequency.221 Here, we have 
shown the change of complex viscosity at constant frequency  = 1 rad/s with increasing 
strain amplitude. 
The steady and complex shear viscosities are similar over the whole shear-rate 
ranges and shear-thinning and thickening are evident in both cases. The obtained results 
illustrate the applicability of Delaware-Rutgers rule to correlate the complex and steady 
shear viscosities by     0
*
.222 This is helpful due to the limitations associated 
with steady state viscosity. For example, steady-state viscosity does not provide the 
information about the microstructure and relaxation time. However, LAOS experiments 
are useful to investigate the microstructure of complex fuids by changing the strain 
amplitude and frequency independently. Furthermore, it is easier to peform LAOS tests 
since there is no sudden change in the speed during the experiment.223 
The low viscosity for all these MFs confirms the non-flocculated nature of these 
suspensions.221 The initial viscosity increased with increase in A200 fumed silica MFs. 
For all the suspensions, the viscosity decreased initially with increase in shear-rate 
(shear- thinning beahavior). A slight shear-thinning can be observed in 0.15 MF of A200 
and the shear thinning slope was increased by adding more A200 fumed silica. The 
critical strain amplitude for the onset of shear-thickening decreased with increasing A200 
fumed silica MFs from 0.15 MF to 0.3 MF. This rationalization can be attributted to an 
easier shear-induced self-organization (hydrocluster formation) of the particles at higher 
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fumed silica content due to a higher number of particles.224 These hydroclusters can span 
through the whole gap and result in an instantanious viscosity rise.221  
 
Figure 5.1 Steady shear and complex oscillation viscosity as a function of steady and 
dynamic shear rates for 0.15, 0.225 and 0.3 MF of A200 fumed silica in 
PEG200. 
 Strain sweeps were performed for 0.1% <
0 < 300% at  = 1 rad/s. 
Figure 5.2a-5.2c show the dynamic viscosity as a function of maximum 
oscillatory strain-rate   0  for 0.15, 0.225 and 0.3 MF of A200 fumed silica at different 
frequencies. Here, the strain is the maximum strain amplitude using the strain-controlled 
instrument. It is important to note that the data for higher frequencies of 10 rad/s and 30 
rad/s could not be captured at low strain-rates due to the small values of maximum strain 
amplitudes. For each A200 fumed silica MF, the complex viscosity response at different 
frequencies exhibited a slight difference at low strain-rates, while no significant 
differences were observed at high strain-rates.  
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The viscosity of a viscoelastic fluid is expected to be triggered by the viscous 
components at low frequencies, meaning that the viscoelastic response would be 
dominated by critical strain-rates  0  than strain amplitudes  0 .
52 At small strain-rates, 
the samples exhibited lower complex viscosities at higher applied frequencies. This is 
likely due to higher elasticity or strain contributions at higher frequencies. At high strain-
rates, the flow is faster than the relaxation time for the fluid and the hydrocluster 
formation is expected to be complete, resulting in similar responses.221 The comparison 
between Figures 5.1 and 5.2 indicate that the critical strain rate is more for  
higher A200 fumed silica MFs with a weak dependence on the frequency. Therefore, 
changing the applied frequency and maximum strain amplitude did not result in a 
significant change in the dynamic viscosity compared to the steady viscosity at high 
strain-rates. However, the dynamic viscosity data did not superimpose at low strain-rates 




Figure 5.2 Complex viscosity as a function of strain-rate for (a) 0.15, (b) 0.225 and (c) 
0.3 MF of A200 fumed silica in PEG200 at different frequencies of 1, 10 
and 30 rad/s. 
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5.3.3 Lissajous plots 
To understand the dynamic nature in shear-thinning and shear-thickening regions 
better, we have performed dynamic oscillatory measurements with increasing the 
maximum imposed strain at fixed frequencies. For each set of experiments, 10 half cycles 
were collected. Figure 5.3 shows the complex viscosity verus strain-rate for 0.15 MF of 
A200 fumed silica in PEG200 at a constant frequency of 1 rad/s. The Lissajous-Bowditch 
stress versus strain plots are shown in Figure 5.3a to 5.3i. For all the graphs, the solid 
gray, red and green lines display the raw stress data, the filtered stress data, and elastic 
stress, respectively. The blue dotted lines exhibit the viscous stress. In dynamic test, the 
integration of stress-strain results demonstrates the energy dissippation or viscous 
damping by shear- thickening fluid.225  
As it is observed in Figure 5.3a, at low applied maximum strain of ~ 0.5, the raw 
stress data are noisy and the filtered stress data shows an eliptical hystersis loop. Figure 
5.3b to 5.3i illustrate the data obtained with increasing the imposed strain. The increase in 
the area and a more distortion was observed with increase in the applied strains in 
nonlinear regime. This exhibites the contribution of higher order harmonics and a more 
viscous dissippation. The higher distortions is observed at large imposed strains which 
can be explained as the superposition between the viscous and elastic responses. The 
elastic contributions (green lines) are represented by strain lines with the zero stress 
contributions. This confirms that the stress is in phase with the strain-rate and the viscous 
component dominates the viscoelastic response.51  
Figure 5.4 shows the Lissajous plots for 0.15 MF of A200 at the frequency of 30 
rad/s. As it is observed in Figure 5.4a-5.4c, an elliptical hystersis loop is recorded up to 
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the applied stress of 80 Pa. However, the elliptical shape starts to deviate upon applying 
higher strain-rates. Furthermore, the elastic contributions are not represented by straight 
lines like the ones in 0.15 MF of A200 fumed silica in PEG200 at the frequency of 1 
rad/s, confirming more elastic contributions of this sample at higher frequency. This 
suggests that a single elastic or viscous modulus in not sufficient in tehse cases to 
interpret the nonlinearity.226 A short interval increase and then decrease n elastic modulus 
demonstrates the strain-stiffening and softening behavior.51 
 For this sample, a maximum stress of 80 Pa at critical strain rate ~ 200 s-1  is 
observed which is higher than the 40 Pa at 1 rad/s (Figure 5.3e). The overlay of the total 
stress and viscous components over the whole range of shear-rate and the zero elastic 
elastic stress in Figure 3 indicated the viscous dominance of the sample at the frequnecy 
1 rad/s. However, as the frequency increased to 30 rad/ s (Figure 5.4), the viscous 
contribution has shown a slight difference with total stress. In addition, the elastic stress 
changed under applied strain. These suggest with increasing the frequency, the viscous 





Figure 5.3 Complex viscosity for 0.15 MF of A200 fumed silica at the frequency of 1 
rad/s versus strain rate. 




Figure 5.4 Complex viscosity for 0.15 MF of A200 at the frequency of 30 rad/s as a 
function of strain rate. 
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The nonlinear oscillatory response of 0.225 and 0.3 MF of A200 fumed silica 
suspensions at the frequency 30 rad/s are shown in Figures 5.5 and 5.6. With increasing 
A200 fumed silica MF at a constant frequency (30 rad/s), the raw stress data became less 
noisy at low strain rates (Figure 5.4a, 5.5a and 5.6a). Higher distortions from elliptic 
shapes and more viscous dissippations were observed at the critical strain rates for the 
samples containing a higher A200 fumed silica content (Figures 5.4c, 5.5d and 5.6f) as 




Figure 5.5 Complex viscosity for 0.225 MF of A200 at the frequency of 30 rad/s as a 




Figure 5.6 Complex viscosity for 0.3 MF of A200 at the frequency of 30 rad/s as a 




Figure 5.7 exhibits the inter-cycle variations of viscosity and elastic moduli versus 
imposed strain-rate and strain, respectively. The viscous nonlinearities are shown through 
the measurements of 
'
M  and 
'
L  as the minimum and maximum strain-rate viscosities. 
The obtained results show similar behavior from 
'
M  and 
'
L  at low strain-rates (LVE) 
and a continuous decrease in 
'
M , while 
'
L  exhibited a slight thickening behavior at large 
strain-rates. The rise in 
'
L  at large strain-rates indicated the strain-rate thickening, while 
the continuous decrease in 
'
M  has shown a strain-induced thinning behavior within an 
oscillatory cycle.208  
 
The elastic modulus (G) was found to be lower than the loss modulus (G), 
indicating the liquid-like behavior of 0.15 MF of A200 fumed silica at the frequency of 1 
rad/s.  G exceeded G over the whole range of applied strain, demonstrating the non-
flocculated nature of the dispersions with predominantly viscous-like behavior.176 Both 
G and G decreased as the strain increased. However, a slight increase in moduli was 
observed at higher strains (strain-hardening). This can be ascribed to the hydrocluster 
formation that was observed in steady shear experiment.221  The changes in minimum-
strain modulus (GM) and maximum-strain modulus (GL) as a function of strain 
amplitude were also studied to analyze the nonlinearities within an oscillatory cycle. In 
the linear regime (less than 2% strain), the elastic moduli are similar (GM=GL= G). 
However, at large strains, a divergence was observed due to the evolution of the 
nonlinearity in the system. With increase in the strain, GL was found to decrease, while 
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GM increased at high strains.  The minimum-strain modulus (GM) was found to decrease 
faster than G up to the strain of ~ 100 and it started to grow at higher strains. This 
behavior can be related to the strain-rate hardening within an oscillatory cycle.208  
 
Figure 5.7 Oscillatory shear experiment of 0.15 MF A200 silica in PEG at the 
frequency 1 rad/s. 
Minimum and maximum-strain moduli, complex viscosity, and minimum and maximum-
strain rate viscosity were shown as a function of strain and strain rate.  
The large amplitude oscillatory shear behavior of 0.15 MF of A200 fumed silica 
in PEG200 at the frequency of 30 rad/s is shown in Figure 5.8. Here, the minimum and 
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maximum strain-rate dynamic viscosity (
'
M  and 
'
L ) are shown. 
'
L  shows thickening 
behavior, whereas 
'
M  is relatively independent of the strain-rate.  
The storage and loss moduli were found to be independent of the strain values at 
small strain amplitudes (LVE) region. In addition, G is around one order of magnitude 
lower than G indicating the liquid-like behavior of the system. Beyond that strain, both 
G and G exhibited strain-hardening. Interestingly, a continuous decrease in GM and a 
strain-thickening response was observed for GL in contrast to the data at 1 rad/s. This 
indicates the strain-stiffening dominant response of the elastic modulus at large strains 
within a cycle at the frequency 30 rad/s compared to 1 rad/s. The Lissajous-Bowditch 
plots shown in Figure 5.3 and 5.4 confirm the stiffening response within an oscillatory 




Figure 5.8 Oscillatory shear experiment of 0.15 MF A200 silica in PEG at the 




Figure 5.9 Oscillatory shear experiment of 0.225 MF A200 silica in PEG at the 
frequency 30 rad/s 
Figures 5.9 and 5.10 show the oscillatory shear experiments for A200 fumed 
silica MFs of 0.225 and 0.3 at the frequency of 30 rad/s. The difference between the 
viscous nonlinearities can be visualized by comparing the results in Figures 5.8-5.10. A 
more drastic increase in * has been observed at higher A200 fumed silica MFs which 
can be attributed to an increase in G and G with raising the strain amplitudes.221 The 
difference between G and G has been reduced with increase in A200 fumed silica MFs, 
indicating that the elastic component became stronger. A higher G than G for all A200 
fumed silica MFs illustrates the non-flocculated nature of all the samples.221 Both GL and 
GM were found to increase in 0.225 and 0.3 MF of A200 fumed silica at high strain 
 
112 
amplitude (Figure 9 and 10). This confirms the hardening behavior with increasing the 
strain amplitude and strain-rate. 
 
Figure 5.10 Oscillatory shear experiment of 0.3 MF A200 silica in PEG at the 
frequency 30 rad/s. 
Minimum and maximum-strain moduli, complex viscosity, and minimum and maximum-
strain rate viscosity were shown as a function of strain and strain rate.  
 
Figure 5.11 exhibits e3/e1 and 3/1 versus imposed strain and strain-rate for 0.15 
and 0.3 MFs of A200 fumed silica in PEG200 at constant frequencies of 1 rad/s and 30 
rad/s. The ratio of e3/e1 shows a positive value up to the strain 200% for 0.15 MF of A200 
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fumed silica (Figure 5.11a). However, as the strain increased beyond 200%, the ratio 
became negative, confirming the strain-softening. The negative ratio between the third 
and first viscous Chebyshev polynomials at low shear rates and positive values at high 
shear rates demonstrates the shear-thinning response of the sample up to the shear rate of 
100 1/s and shear-thickening at higher shear-rates.52  
Figure 5.11b shows a slight intracycle strain rate thinning (3/1 0) up to the 
strain rate of 4 1/s and strain thickening (3/1 > 0) at higher strain rates. Similarly, the 
positive ratio of e3/e1 and its negative value at low and high strain values demonstrate the 
intracycle strain stiffening and strain softening at intermediate and large strain values. 
The linear elastic response of the sample for an individual oscillatory response at low 
strains is also confirmed by e3/e1 = 0.
52  
 
Figure 5.11 Chebyshev coefficients e3/e1 and 3/1 versus strain and strain rate 





Large amplitude oscillatory shear was used to investigate the shear behavior of 
fumed silica suspensions at different fumed silica content. The viscoelastic nonlinear 





L , GM and GL. The complex viscosity and the steady viscosity have 
shown a good agreement over the whole range of the strain-rates at a constant frequency. 
However, the data exhibited a slight difference at low strain-rates by varying the 
frequency. This difference could be captured at low strain-rates. But for higher strain 
rates, the results are similar due to the complete hydrocluster formation. The viscous 
nonlinearities were found to be dominated by strain variations than strain-rates at high 




SWELLING BEHAVIOR AND RHEOLOGICAL PROPERTIES OF PARTIALLY 
CROSSLINKED THERMOPLASTIC ELASTOMERS 
6.1 Introduction 
Styrenic thermoplastic elastomers (TPEs) like poly [styrene-b-(ethylene-co-
butylene)-b-styrene] have attracted enormous interest due to their stretchable, 
inexpensive, moldable and mechanically robust nature.227 These polymers exhibit an 
elastic behavior at room temperature and viscous response at high-temperature ranges.228–
230 The addition of oil to these polymers can tailor the softness and the processability of 
the system in which the network forms with glassy styrene blocks connected by solvated 
mid-blocks, resulting in the rubbery response at low temperatures.112 The incorporation 
of a low-volatility mid-block selective solvent with compatibility to one of the polymer 
blocks affects the morphological development in these systems, and gel formation occurs 
due to the phase separation of end-blocks connected by mid-blocks.231,232 These gels have 
been used in the fabrication of microfluidic channels due to their ability to bond multiple 
layers by heating.233 A high stretching capability of these gels undergoing large strains ( 
more than 2500% in some case), make them suitable for a wide range of applications 
including vibration dampening media, biomimetic gels, pressure sensitive adhesives, 
conductive nanocomposites, and stretchable microchannels.234  
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Different parameters can be adjusted to tune the properties of polymer gels. For 
example, the polymer chemistry, solvent type, and the processing conditions affect the 
gel processing.235–237 Numerous studies have sought to investigate the morphology/ 
property relationships in thermoplastic elastomer gels as a function of polymer molecular 
weight, composition and the process conditions.238 One of the methods to enhance the 
mechanical strength of the polymer gels can be achieved by making double network 
elastomeric systems in which the first network forms by poly (styrene) physical 
crosslinks, while the second network is based on the chemical crosslinking of the 
polymer network under ultra-violet light.38  
Here, the dynamic rheological and swelling behavior of partially crosslinked 
SEBS elastomer gels in mineral oil were compared with those purely physical gels. We 
aim to develop a fundamental understanding of structure-property relationship towards 
processing these partially cross-linked polymers through 3D printing route. 
6.2 Experimental  
SEBS symmetric copolymer (G1652) used here is kindly provided by Kraton 
Polymers and used as received. The styrenic content of this polymer is 29 wt% based on 
the supplier-provided datasheet. The molecular weight of styrene and ethylene-co-
butylene)-b-styrene components are 12,600 g.mol-1 and 61,800 g.mol-1 with the 
polydispersity of 1.04.239 White mineral oil (Klearol) was obtained from Sonneborn Inc. 
The UV crosslinking initiator (benzophenone) was purchased from Sigma Aldrich.  
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6.2.1 Sample Preparation 
Films of the pure SEBS polymer with the thickness of ~ 0.5 mm were prepared by 
casting the polymer solution in chloroform with different benzophenone content (1 wt% 
and 3 wt%) and removing the solvent overnight. The samples were cured under UV light 
(Portaray) from Uvitron International Company at a dosage power of 2000 w/m2 at 22 °C 
for 30 min or 1 h. The mineral oil was added to the predetermined amount of cured 
polymer films to obtain the polymer weight fraction of 10 wt%. The samples were heated 
at 100 °C overnight. The mineral oil can penetrate through the polymer chains, and result 
in gel formation after cooling the samples, subsequently.  
6.3 Results and Discussions 
The crosslinking of SEBS polymer with benzophenone upon exposure to UV light 
has been shown in the literature.38 The discoloration and yellowing of the polymer films 
were observed after exposure to UV light. This phenomenon was attributed to the 
formation of photo-oxidation species including stilbene, quinone, polydienes and 
dicarbonyls during the degradation of aromatic and olefinic phases.240 This degradation is 
expected to be more in olefinic phases due to their lower glass transition temperature, 
resulting in higher oxygen diffusion.241 The degradation of the polymer results in the loss 
of its properties.38 Addition of benzophenone has shown an enhancement in crosslinking 
density and reduction in scission reactions.38  
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6.4 Characterization  
6.4.1 Crosslinking of SEBS network 
SEBS films were immersed in mineral oil and the swelling behavior was 
investigated before and after UV curing. The swelling ratio is affected by the crosslinking 
density of the network after exposure under UV irradiation, which affects the stiffness of 
the gel. A higher crosslinking under UV light results in less swelling of the SEBS films 
due to increase in the stiffness of the network.39 It has been shown that the chain scission 
can occur at the styrene-aliphatic links which leads to hydroperoxide growth, 
consequently.241 Figure 6.2 shows the degradation due to chain scission and alkyl/benzyl 
radical formation. These chains can be oxidized and form hydroperoxides, consequently. 
 
Figure 6.1 Free radical formation in styrene and ethylene/butylene. 
Chain scission from the bond between the styrene and ethylene/butylene. 
Figure 6.3 shows the crosslinking mechanism from both the styrenic and olefinic 




Figure 6.2 Crosslinking mechanism in styrenic and olefinic phases.38 
 
6.4.2 Gel formation 
The gel formation of SEBS triblock copolymer in mineral oil has been reported in 
the literature. This phenomenon has been attributed to the incompatibility between the 
blocks and phase separation of styrenic segments to end-block aggregates with the size of 
10-20 nm.242,243 Figure 6.1a and 6.1b exhibit the structure of the triblock copolymer and 
the network consisting of insoluble styrenic end-block aggregates and soluble mid-blocks 
forming loops and bridges.  
 
Figure 6.3 (a) Molecular structure of SEBS, (b) physical network of the gel forming 
due to the phase separation of triblock copolymer upon decrease in 
temperature and (c) the structure of partially crosslinked network of the gel. 
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X=120 and y=630 representing the degree of polymerization in styrene and ethylene-
butylene blocks, respectively. 
 
6.4.3 Dynamic Rheology 
Dynamic rheology of SEBS gels were characterized using a TA Instruments DHR 
rheometer equipped with 25 mm parallel-plate geometry with 1 mm gap. Temperature 
sweep experiments were performed at a frequency of 1 rad. s-1 over the temperature range 
of 60 °C to 0 °C. Adhesive backed silicon carbide sandpapers with the grit# 240 was 
attached on both top and bottom plates to reduce the slippage of the samples by using 
super glue. The calibration of the instrument was performed with the sand papers. Strain 
sweep experiment was performed at the temperature of 22 °C and the frequency of 1 
rad/s to capture the mechanical strength of the cured samples after swelling in the mineral 
oil.   
6.4.4 Swelling behavior 








Where Ws and Wd represent the weight of the samples after swelling and in its 
dried state.  
The gel fraction can also be determined as:245 






Here Wi is the initial weight of the dried sample.  
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Figure 6.1a and b show the cured pure SEBS films with 1 wt% benzophenone. The 
exposure time of 30 min and 1h, and the benzophenone content of 1 and 3 wt% were 
considered to maintain the shape of the polymers after solvating in the mineral oil.  
 
Figure 6.4 Partially crosslinked SEBS films (a) without benzophenone, (b) with 1 wt% 
benzophenone cured for 30 mins and (c) 1 h.   
 
The partially crosslinked SEBS films with 1 wt% benzophenone were immeresed 
in the mineral oil, and the swelling behavior was investigated after two days. As it is 
observed in Figure 6.5, both the cured samples for the curing time of 15 and 30 mins 
have shown a similar trend in which the swelling ratio increased significantly and it did 




Figure 6.5 Swelling ratio versus time for partially crosslinked SEBS films containing 
1 wt% benzophenone. The samples were cured for 15 and 30 mins. 
 
 
6.4.5  Mechanical properties 
6.4.5.1 Temperature ramp experiment 
For the rheological experiments, the cured SEBS films were mixed with the 
mineral oil and heated up to 100 °C overnight. After cooling the samples, the gels were 
formed and used for rheological experiments.  
Oscillatory shear experiments can provide insights about the  flow and 
deformation of viscoelastic materials.223,246  Here, small oscillation amplitude was applied 
on the sample and the corresponding stress was measured.  Figure 6.6 displays the shear 
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elastic and viscous moduli versus temperature for solvated SEBS films with 1 wt% 
benzophenone which are cured for 30 min and 60 min. The storage and loss moduli were 
found to increase in the cured samples whereas, below the gelation temperature, the 
moduli decreased compared to the pure physical gels. The gelation temperature did not 
change significantly in the cued samples in comparison to the uncured ones.  The 
decrease of the storage moduli of the partially crosslinked samples is likely due to lower 
crosslinking density because of polymer degradation or possible changes in the network 
structure. These will be investigated in a future research. 
 
Figure 6.6 Oscillatory temperature ramp experiment for SEBS gels (10 wt%) without 




6.4.5.1 Oscillation amplitude  
The solvated SEBS samples have shown a solid-like behavior due to the higher 
values of G compared to G. The decrease in elastic modulus versus strain beyond a 
critical strain is likely due to the fracture of the sample under large deformations.   
 
 
Figure 6.7 Strain amplitude experiment for SEBS gels (10 wt%) without and with 1 
wt% benzophenone cured for 30 and 60 min. 
 
6.5 Conclusions 
Rheological properties of cured SEBS films with UV crosslinking initiator was 
investigated after swelling in mineral oil. Oscillatory shear rheology was conducted on 
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the solvated samples after curing under UV irradiation at various times. The samples 
have shown the strain-softening behavior before the fracture at large strain amplitudes.  
The swelling behavior of the solvated samples after curing was investigated at 
different curing and swelling times. A higher swelling ratio was observed for the samples 
with a lower content of crosslinking initiator and lower curing times. This can be 





SUMMARY AND FUTURE DIRECTIONS 
Here, the linear and nonlinear rheological behavior of different types of soft 
materials including the polymer gels and fluids with nanoparticles have been 
investigated. Different types of organic and inorganic nanoparticles were considered in 
this work. We have considered anisotropic carbon-based nanoparticles such as graphene, 
graphene oxide and carbon nanotubes due to their remarkable mechanical, electrical and 
thermal properties. 
The physical thermoreversible self-assembled acrylic triblock copolymer gels 
with strain stiffening response was chosen here. The self-assembly and rheological 
behavior of this gel were investigated with the addition of graphene nanoplatelets. The 
rheological results have shown a decrease in the gelation temperature by adding graphene 
nanoplatelets. The addition of graphene nanoplatelets resulted in a decrease in the elastic 
moduli at room temperature. However, they did not change significantly at temperatures 
far below the gelation temperature. The effect of graphene nanoplatelets on the relaxation 
behavior of these gels was also studied with varying the temperature. The relaxation time 
was found to be slightly lower in the graphene containing gel. This was attributed to the 
affinity of PMMA chains to graphene nanoplatelets.  
The mechanical and thermal properties of these gels were investigated versus 
temperature. The rheological results have shown multiple transitions in elastic moduli 
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with temperature. At low temperatures below -60 °C, the moduli were similar which is 
likely due to the crystallization of solvent.  The visual observations exhibited clear gels at 
22 °C and the turbid samples with decreasing the temperature to 4 °C, indicating the 
macro-phase separation. The elastic moduli were increased with increasing the polymer 
volume fractions up to 30% and above that, they did not change significantly. In addition, 
the gelation temperature increased with increasing polymer concentration. 
The morphology and rheological behaver of shear thickening fluids were also 
investigated in this dissertation. Incorporation of graphene oxide and carbon nanotubes 
led to a change in the rheological response of concentrated fumed silica suspension in 
poly (ethylene glycol). Our results illustrated the soft-solid like and liquid-like behavior 
of these fluids by adding carbon nanotube and graphene oxide nanoplatelets. 
Furthermore, a distinct shear-thickening response was observed for the fluids with 
graphene oxide nanoplatelets at a low total weight content.  
The rheological behavior of fumed silica suspensions under large amplitude 
oscillatory shear was investigated at different fumed silica mass fractions. The results 
have shown a good agreement between the complex and steady viscosity at low 
frequency. However, for higher frequency ranges, a slight different between the steady 
and complex viscosity was observed at low strain rates, likely due to the difference in 
viscous components of the samples. The nonlinearities were found to be dominated by 
the elastic components than viscous contributions at higher frequencies. The similarity of 
the results at high strain-rates was attributed to the hydrocluster formation.  
Furthermore, the swelling and rheological behavior of partially crosslinked SEBS 
films were investigated after curing under UV light. UV crosslinking initiator was used to 
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crosslink the samples at various times. The rheological results indicated an increase in 
elastic and loss moduli of the partially crosslinked samples compared to the pure physical 
gels. However, the moduli decreased after the gel formation. In addition, a significant 
increase in the swelling ratio of the cured films was observed after immersion in the 
mineral oil.  
The future research focus will be on the responsiveness of graphene containing 
acrylic triblock copolymer gels subjected to electric field. We believe that the assembly 
of graphene nanoplatelets at larger content can lead to high mechanical strength due to 
the formation of percolation network from graphene nanoplatelets. In addition, the melt 
processing will be investigated to make filaments from elastomeric polymer pellet forms 
for 3D printing to design customized objects.  
For the shear thickening fluids, the effect of incorporating low aspect ratio 
nanotubes on the steady and dynamic flow behavior of fumed silica suspensions will be 
explored. Furthermore, the electrical conductivity of these samples at rest and under shear 
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EFFECT OF GRAPHENE ON SELF-ASSEMBLY AND RHEOLOGICAL BEHAVIOR 






Figure A.1 (a) TEM image of a single layer graphene dispersed in 2-ethyl-1-hexanol 
(graphene concentration of 0.04 mg/mL). 
The number of graphene layers is counted at 20 different spots and the distribution is 
shown in (b). The electron diffraction pattern of platelet shown in (a) is presented in (c). 
The intensity profile of {1100} and {2110} is shown in (d). The intensity ratio, I1100/ I2110 






Figure A.2 (a) TEM images of FLG graphene dispersed in 2-ethyl-1-hexanol 
(graphene concentration of 0.12 mg/mL). 
The number of graphene layers is counted at 20 different spots and the distribution is 
shown in (b). The electron diffraction pattern of platelet shown in (a) is presented in (c). 
The intensity profile of {1100} and {2110} is shown in (d). The intensity ratio, I1100/ I2110 









Figure A.3 (a) and (b) TEM images of multilayers of graphene dispersed in 2-ethyl-1-










Figure A.5 Non-ringing region of creep response of (a) gel without and (b) with 0.12 
mg/mL graphene fitted with stretched exponential model. 
 
 
Figure A.6 Viscoelastic Maxwell-Jeffreys model consist of springs (G1), dashpots ( 1
and







We fit the data with viscoelastic solid model in linear region using Jeffreys model. 
The inertia term which is related to the moving part of the rheometer was added to this 
model to capture the short-term response, long term response and creep ringing behavior. 
The viscoelastic Jeffreys model and its corresponding mathematical equation composed 
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As given the manufacturer, the total inertia is 23.60742 μN.m.s2. However, the 
inertia of 19.175 μN.m.s2 can capture the ringing better. 
Furthermore, the creep data was fitted in long term using the equation having the 

































Here, the data (Fig. S5) was fitted using the same values of , and  obtained 
from fitting of the stress- relaxation data. However, a different value of G0 77 was 








TEMPERATURE-DEPENDENT SELF-ASSEMBLY AND RHEOLOGICAL 



















 t d p h 
PMMA 22.69 18.64 10.52 7.51 
PnBA 19.55 16.38 8.97 5.77 
2-ethyl-1-hexanol 20.1 16 3.3 11.9 






















ANISOTROPIC NANOPARTICLES CONTRIBUTING TO SHEAR THICKENING 




Figure C.1 TEM image of GONPs 
 
 







Figure C.3 XRD spectra of graphite and GONPs 
 
 









Figure C.5 TEM images of GONPs with fumed silica at two different magnifications 
 
 
Figure C.6 FTIR spectra of pure PEG, A200/PEG, A200/PEG/GONPs and, 
A200/PEG/S-MWNTs. 






Figure C.7 Viscosity versus shear stress for 0.15 MF fumed silica in PEG without 








Figure C.8 Viscosity versus shear rate of 0.15 MF fumed silica in PEG without S-





Figure C.9 The rheological test sequence for 0.015 MF of S-MWNT in a 0.15 MF 
fumed silica suspension. 
a) Elastic and loss modulus versus strain, (b) viscosity versus shear rate and (c) elastic 
and loss modulus versus time. The lines are for visual guidance only. For clarity, some 













Figure C.11 Shear and dynamic rheology results with the addition of MWNTs in a 0.15 
MF fumed-silica suspension in PEG.  
Steady shear results for (a) S-MWNT and (b) L- MWNT. Dynamic moduli for (c) S-
MWNT and (d) L- MWCNT. The lines are for visual guidance only. This is the same 
figure as Figure 4.3, but with all data points. For clarity, every fourth data point is shown 









Figure C.12 Steady and dynamic rheology results for a 0.15 MF suspension of fumed 
silica in PEG, and 0.01 and 0.02 MFs of GONPs in this fumed silica 
suspension 
(a) Steady shear viscosity vs. shear rate, (b) elastic (G) and loss (G) moduli as a 
function of strain amplitude. This is the same figure as Figure 4.4, but with all 





Figure C.13 The rheological test sequence for 0.01 MF of S-MWNT in a 0.15 MF 
fumed silica suspension. 
(a) Elastic and loss modulus versus strain, (b) viscosity versus shear rate and (c) elastic 
and loss modulus versus time. The lines are for visual guidance only. This is the same 
figure as Figure 4.6, but with all data points.  For clarity, every fourth data point is shown 







Figure C.14 Steady shear and dynamic rheology results for suspensions containing S-
MWNT and fumed silica.  
(a) Steady shear viscosity vs. shear rate, (b) elastic (G) and loss (G) as a function of 
strain amplitude. The lines are for visual guidance only. This is the same figure as Figure 






Figure C.15 Viscosity versus shear rate for 0.225 MF of A200 silica in PEG, and 0.02 
MF GONPs in 0.15 MF A200 in PEG. 
This is the same figure as Figure 4.8, but with all data points. For clarity, every third data 
point is shown in the Figure 4.8. 
 
 
